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Lactose (4-0-~-D-galactosyl-a-D-glucose) is the major carbohy-
drate component of the milk of most mammals, constituting about 2-7% 
of the whole milk ( 1). Free lactose is normally synthesized only in 
the mammary gland of lactating mammals and is considered to be unique 
to milk and mammary tissue. Both the development of the mammary gland 
and the secretion of milk require complex influences of hormones (2,3). 
Because the mammary gland of mammals develops during pregnancy and 
rapidly assumes a secretory state after parturition, the mammary gland 
of small mammals is an attractive model system for the study of dif-
ferentiation and hormone action. The functional characteristic of the 
mammary gland is the production of milk which contains several bio-
chemically unique products. Since lactose is one of the unique com-
ponents of milk, the enzymatic capacity of the mammary gland to syn-
thesize lactose is a useful criterion of the secretory state of the 
tissue. 
Further interest in the mammary gland exists beyond its hormonal 
responses since the current leading cause of death due to cancer in 
women in the United States is breast cancer (4). Therefore, many in-
vestigators interested in the origin and prevention of cancers and 
tumors in mammary tissue are investigating mammary metabolism in order 
1 
to understand the function of the normal mammary gland so that the 
malfunction of abnormal tissue ,is, better understood. 
2 
One technique widely used for investigating the effects of hor-
mones on mammary tissue is the in vitro organ culture technique. The 
general procedure is to remove small pieces of tissue (explants) and 
to incubate them in chemically defined media where the hormonal com-
plement is known. Thus the tissue is removed from the complex inter-
actions of the neuro-endocrine system of the whole animal, and the 
effects of the hormones added to the culture medium may be evaluated 
without interference from other hormones or from neural factors. 
Elias (5) and Rivera (6) used primarily histological criteria to 
evaluate the effects of hormones on the organ cultures. More recently, 
investigators have used biochemical criteria such as the synthesis of 
milk components to determine whether the tissue maintained in culture 
with a defined hormonal environment could attain a secretory condi-
tion, However, no enzymatic criteria had been used to assess secre-
tory activity when these investigations were initiated. The initial 
approach was to use the levels of activity of the enzymes required for 
lactose biosynthesis as a criterion for studying which hormones were 
required to stimulate secretory activity, However, before evaluation 
of the enzymatic levels found in the tissue explants could be made it 
was necessary to have standard values of these enzymatic activities 
for comparison. Thus the activities of the three enzymes of lactose 
biosynthesis were assayed in homogenates prepared from the mammary 
glands of rats at different stages of pregnancy and lactation. 
3 
The three enzymes closely associated with lactose biosynthesis 
catalyze the following reactions:· 
1) 
2) 
* UTP + glu,cose".'.i".'.P .;::== UDP-glucose + PP i 
UDP-glucose:;;;;:======~ UDP-galactose 
3) UDP-galactose +glucose~--~ lactose + UDP 
The enzyme which catalyzes Reaction 1 is UDP-glucose pyrophosphorylase 
(UTP:a-D-glucose-1-phosphate uridyltransferase, EC.2.7.7.9), Reaction 
. -
2 is catalyzed by UDP-galactose 4-epimerase (EC 5 .1.3 .2), and lactose 
synthetase (UDP-galactose:D-glucose 1-galactosyltransferase, EC.2.4.1. 
22) catalyzes Reaction j. Lactose synthetase requires two proteins 
designated as the A protein and the B protein (a-lactalbumin) for 
enzymatic activity. 
To develop techniques .for preparing tissue exp1an.ts, culturing, 
and assaying for the enzymes in rat matmnary tissue, UDP-glucose pyro-
phosphorylase·was chosen as an indicator enzyme for these initial 
studies since it was easiest to assay and was thought to be the most 
stable of the·. th!ee enzymes. . In o.rgan culture experiments, a time-
dependent increase in the activity of the enzyme was observed in both 
the medium and the tissue explants. · This increase was not affected.by 
the presence of hormones (insulin, hydrocortisone, and prolactin), did 
not follow the·same time course as reported for the synthesis of the 
milk protein casein (7), and was not inhibited by puromycin. These 
results suggested that the increase in enzymatic activity was due to 
* All abbreviations are in accordance with the IUPAC-IUB Combined 
C0tmnission on Biochemical Nomenclature. .:!.··Biol. Chem., 241, 527 
(1966). 
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an in vitro activation of the enzyme rather than de~ synthesis. 
Accordingly, the increase in activity of UDP-glucose pyrophosphorylase 
in crude homogenates of lactating rat tissue was investigated and an 
increase in the activity of the enzyme in extracts, was observed, The 
increase in activity had a similar time course to that observed in the 
tissue explants, Investigation of the activity of UDP-galactose 4-
epimerase also showed a time-dependent increase which was dependent on 
the presence of NAD+ in the crude extract, The first part of this 
thesis is concerned mainly with preliminary investigations: the rela-
tive activities of the lactose synthesizing enzymes in pregnant and 
lactating rats, the organ culture experiments, and the increase in 
enzymatic activity of UDP-glucose pyrophosphorylase and UDP-galactose 
4-epimerase in crude mammary gland extracts. 
The second major concern of this thesis research was devoted to 
a detailed investigation of the mechanism of the "activation" of UDP-
glucose pyrophosphorylase in crude homogenates of rat mammary tissue. 
The results suggested a rather slow conformational change or a slight 
structural modification resulting in an increase of a more active form 
of the UDP-glucose pyrophosphorylase. 
The study of the activity levels of the three enzymes of lactose 
biosynthesis in pregnant and lactating rats was in progress when 
Brodbeck and Ebner (8) observed that the lactose synthetase enzyme re-
quired two proteins for activity. The assay for lactose synthetase 
was originally developed by Babad andHassid (9) before it was known 
that the enzyme required two nonidentical proteins. In general, the 
assay for one protein component of a two-protein system is performed 
5 
by using saturating amounts of the second protein. It was observed 
that the specific activity, of the B protein of lactose synthetase in-
creased. from 150 to 1000 mµmoles/min/mg protein at 20° as a more puri-
fied A protein was.used in.the assay (10) •. Clearly, the assay re-
quired reinvestigation and no thorough investigation of the inter-
actions between the two proteins and. substrates of a two-protein 
enzyme was available. The third part of this ~hesis deals with the 
. . 
detailed investigation o(;he a~s~{for lactose· syn;hetase and the 
. . .. . . . 
investigation.of substrate interactions and certain kinetic parameters 
of the enzyme system. These experiments resulted in.an assay with the 
assay components. at an optimum level.· to provicle m~xitnum enzymatic 
activity and hence ma~imum: sensitivity in the. a·$S:ay for one or the 
other of the counterpart: proteins:of lactose.synt:hetase. 
. , CHAPTER II 
LITERATURE REVIEW 
The Bi:os.fnthesis ()f Lactose 
In 1952, Reithel et al. (11) f:i,rst observed the formation of 
lactose in homogenates from mammary tissue of lactating rats and 
guinea pigs. A number of enzymatic steps appeared to be involved in 
the biosynthesis of lactose. Hexokinase (ATP:D ... hexose 6-phosphotrans-
I ferase, EC 2.7.l.l) (12), phosphoglucomutase(a.,;D.,;gfucose-1,6-diphos-
phate :cx-D-(glucose-1-phosphate phosphc:itransferase, • EC '2'~ 7.5. 1) . (13). 
UDP-glucose pyrophosphorylase (14,15), and UDP-galactose 4-epimerase 
(15,16) activities have been observed in lactating rat mammary glands, 
Gander~~· (17, 18) reported that a crude preparation from bovine 
mammary tissue would synthesize lactose-I-phosphate from UDP-glucose 
and glucose-1-phosphate. They suggested that: lactose is synthesized 
by the following scheme: 
(hexokinase) 
1) glucose---,,;:-----,-.--~....-.---,> glucose-6-P 
ATP ADP 
(phosphoglucomutase) 
2) glucose-6-P ------------ glucose-1-P 
(UDP-glucose 
pyrophosphorylase) 




4) UDP-glucose~------------------------------------~ UDP-galactose 
(galactosyl 
transferase) 
5) UDP-galactose + glucose-1-P --------9 
(phosphomonoesterase) 
lactose-1-P + P. 
1. 
6) lactose-1-P ----------"~ lactose+ P. 
1. 
However, this scheme has not been verified. Also, studies of the 
7 
incorporation of 14C-precursors into lactose are not consistent with 
this pathway. These studies have been reviewed by Malpress (19), 
Folley (20), and Watkins and Hassid (21). 
In 1962, Watkins and Hassid (21) described a particulate fraction 
isolated from rat and guinea pig mannnary glands which catalyzed the 
synthesis of lactose from UDP-galactose and glucose, A similar 
galactosyl transferase activity,was found in bovine milk (22) and the 
soluble lactose synthetase of bovine milk was purified and investi-
gated by Babad and Hassid (9), Their preparations contained no gal-
actosyl transferase activity with glucose-1-phosphate and 25% of the 
activity with N-acetylglucosamine as the galactosyl acceptor respec-




3) UTP + glu-1-P ~------- UDP-glucose+ PP. 
1. 
(UDP-galactose 4-epimerase) 
4) UDP-glucose ....... ------------------------------------- UDP-galactose 
(galactosyl 
transferase) 
7) UDP-galactose + glu----------------- lactose+ UDP 
8 
Further Enzymatic Studies 
With the knowledge that the biosynthesis of lactose proceeds by 
the action of three enzymes: UDP-glucose pyrophosphorylase, UDP-
galactose 4-epimerase, and a galactosyl transferase (lactose synthe-
tase), further investigation of the role of these enzymes in lactation 
proceeded. 
UDP-Glucose Pyrophosphorylase 
UDP-glucose pyrophosphorylase is a ubiquitous enzyme which cata-
lyzes a reaction important in the biosynthesis of glycogen, glyco-
lipid, and glycoprotein as well as lactose. The enzyme has been puri-
fied 300-fold from calf liver and crystallized by Hansen and coworkers 
(23). Steelman and Ebner (24) purified (50-fold) the UDP-glucose 
pyrophosphorylase from bovine mammary tissue. Emery and Baldwin (25) 
purified the enzyme about 200-fold from lactating rat mammary glands 
and also prepared rabbit antibody to the rat enzyme. 
UDP-Galactose 4-Epimerase 
UDP-galactose 4-epimerase functions in the mammalian cell for the 
interconversion of glucose and galactose and for the synthesis of the 
galactosyl moiety of oligosaccharide-containing compounds such as 
lactose, galactolipids, and blood group substances. Partial purifi-
cation (30-fold) of the enzyme from bovine mammary gland acetone 
powder was obtained by Holmberg (26). Further purification of the 
mammary enzyme is in progress (27). 
Lactose Synthetase 
As previously discussed, the active lactose synthetase found in 
bovine mannnary tissue and milk has established the route for lactose 
biosynthesis (21,22,28). Babad and Hassid (9) achieved a 70-fold 
purification of the soluble milk enzyme. 
9 
Brodbeck and Ebner (8) have resolved the soluble lactose synthe-
tase of bovine milk into two proteins, designated as A and B, which 
individually did not exhibit any catalytic activity for lactose forma-
tion in the assay used at that time. They also resolved the lactose 
synthetase of bovine mannnary tissue into the same two proteins and 
determined the subcellular distribution of the tissue enzyme after 
homogenizing in a Virtis overhead homogenizer. The A protein was 
found mainly in the microsomal fraction while the B protein was in 
both the microsomal and soluble fractions (29). However, Reithel and 
Coffey (30) have shown that the apparent subcellular distribution of 
the enzyme is a function of the homogenizing method, When gentler 
techniques such as homogenizing with a glass homogenizer were used, 
intact lactose synthetase activity (assayed without added B protein.) 
sedimented in the lysosomal fraction, Further centrifugation of the 
lysosomal fraction and comparison of the distribution of lactose syn-
thetase with certain marker enzymes such as thiamine pyrophosphatase 
suggested that the lactose synthetase was associated with the Golgi 
apparatus (31). Electron micrographs of preparations with high 
lactose synthetase activity revealed particles that were similar in 
size and appearance to those of lysosomes and secretory granules (31). 
10 
Enzymatic Activities and the Pregnancy-Lactation Cycle 
Other investigators have studied the mechanism of lactose synthe-
sis in pregnant and lactating animals. In 1958, McLean (36) provided 
evidence that the major pathway of glucose metabolism in lactating rat 
or rabbit mammary tissue occurs via the pentose-phosphate pathway 
rather than glycolysis. Further, she measured the activity levels of 
hexokinase and phosphoglucomutase during lactation in the rat mammary 
gland, Hexokinase and phosphoglucomutase activities increased rapidly 
during the early part of lactation reaching a maximum at the 10th day. 
Malpress (19) pointed out the need for further enzymatic studies of 
the lactose biosynthetic enzymes at different times of pregnancy and 
lactation. Consequently, several research groups have determined the 
levels of parameters such as DNA, RNA, protein, and specific enzymatic 
activities in the. mammary glands of animals during pregnancy, lactation 
or after weaning. 
Malpress (37) assayed phosphoglucomutase, UDP-glucose pyrophos-
phorylase, and inorganic pyrophosphatase in rats lactating 6 days and 
15 days. (The lactation period in the rat is 21 days.) The enzymatic 
activlties varied d.irectly with the milk-secretory acti.vity which 
supports a role for these enzymes in lactose. synthesis. Bartley !:.!:. al. 
(38) found that the catalytic activities of glucokinase., hcI:x:okinase., 
glucose~6-phosphate de.h.ydrogenase, malic enzyme., and citrate-cleavage 
enzyme whic.h respond to di.etary and hormonal changes in liver also in.-
crease during pregnancy and lactation in the liver and adipose tissue 
as well as i:n the mammary gland. These data indicate that lactation 
results in metabolic changes in other tissue.s as well as i:n the. ma:mma:ry 
11 
gland. Mumford (39) reviewed the quantitative measurements and the 
comparison studies of biochemical and structural changes which occur 
during the lactational cycle. A study of the water, fat, and lactose 
concentrations during pregnancy in primiparous rats has been presented 
by Wrenn~ al. (40). 
The first comprehensive comparative study of the levels of the 
. lactose. biosynthetic enzymes in rat mannnary glands during the lacta-
tional cycle was by Shatton ~ al. (41). They assayed the levels of 
UDP-glucose pyrophosphorylase, UDP-galactose 4-epimerase, and hexo-
kinase of pregnant and lactating rats. They observed the same pattern 
of activity for all three enzymes: very low level of activity in un-
stimulated glands, a moderate increase in activity during pregnancy, 
an activity maximum during full lactation, and a rapid decrease after 
weaning (41). 
While this thesis research was in progress Baldwin (42) also 
observed large increases in enzymatic activities of enzymes from 
seve.ral metabolic pathways, including UDP-glucose. pyrophosphorylase, 
UDP-galactose 4-epimerase, and phosphogluc.omutase. Also, DNA levels 
during early lactation in the rat and guinea pig were measured. How-
ever, e.quivalently high increases were. not see.n in the cow. In a 
similar study in rats Baldwin and Milligan (43) observed that some 
twenty enzymatic activities in.creased rapi.dly after a 3-4 fold in-
crease in the. number of nuclei and DNA levels. The increase in the 
DNA levels followed soon. after parturition. The relative increases in 
the activity levels of the enzymes (with respect to one enzyme, glu-
cose-6-phosphate dehydrogena.se, given a relative activity of 1) during 
12 
early lactation (1-3 days) we.re very similar to the relative increases 
observed between 15-17 days of lactation, Thus, Baldwin suggests that 
the n.e.w secretory cells formed early i.n lactation have an enzymatic 
complement similar to that of fully developed secretory cells. Also, 
he suggested that the. enzymatic complement of virgin and pregnant rats 
probably reflects the adipose and connective tissue of the mammary 
gland, whereas the enzyme.a extracted from later lactating tissue pro-
bably represent primarily secretory tissue (43). Furthermore, the 
similarity between the early and late lactating enzymatic compositions 
coupled with the similar patterns of increase for practically all the 
enzymes investigated does not support the proposal of specific hor-
monal "induction" of certain preferred enzymes during lactation (37). 
Rather, Baldwin proposes that the hormones exert a passive influence 
by providing an enviromn.ent in which secretory cells survive and 
develop an in.he.rent enzymatic. complement (42). 
Emery and Baldwin (25) have purified UDP-glucose pyrophosphory-
lase and other enzymes fr.om 1.actati.ng rat mamrriary tissue a.nd have pre·-
parE:,d ra.bbit anti.se:r.a. to these enzym.e.s. Th~1y investigated. the turnove,r 
of the enzymes and established that the increases in enzymatic acti-
vity we.re due to incr.eatH•d rates of synthesis. 
Kuhn and Lc1Wt:1nat.:e.i:n (l.1.4,) e.xpanded the work of Ba.1.dwi.n a.nd Milli~ 
gan (l(5) with a c.ompa:i:·a.tive. e.nzymatic study pri.mari.ly conc.erned with 
the ti.me. pe:c·iods i:mmedi.at.1;:.ly pre:.c.e.ding and following parturi.tion, 'I'hey 
o'bse:r:ve.d a striking 'i"nc.rease. in the UDP.~gl.ucose pyrophosphory1A.se 
activity but a more gradual inc.rease with the. UOP~galactose 4-epimer .• 
ase.. They concluded that the c.ha.nges in these e.nzymes are not abrupt 
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enough to account for the very rapid appearance of lactose (12-13 
µmoles/g fresh weight) at parturition which is not present 24 hours 
prior to parturition. Also, while this thesis research was in pro-
gress, Kuhn (45) reported that the activity of lactose synthetase in 
rat mammary tissue homogenates was very nearly zero until just prior 
to parturition and has concluded that this enzyme is rate limiting for 
lactose biosynthesis. However, Kuhn assayed only inherent lactose 
synthetase activity. Turkington et al. (46) have assayed the separate 
A and B subunits of lactose synthetase in pregnant and lactating mice. 
They reported a substantial increase in the A subunit activity during 
pregnancy in contrast to the B subunit activity which increased sig-
nificantly only at parturition. Thus, lactose biosynthesis is limited 
by the amount of lactose synthetase present and more specifically, by 
the amount of the B subunit of lactose synthetase. 
In Vitro Action of Hormones on the Enzymes of Lactose Biosynthesis 
For example, Jones (47) has studied the effect of hypophysectomy 
and weaning on the activities of UDP-glucose pyrophosphorylase and 
other enzymes in rats. He observed that hypophysectomy ca.used UDP-
glucose pyrophosphorylase levels to decline to about 50% of control 
values during the first 12 hours after hypophysectomy. Also, the 
pattern of change in the mammary gland with respe.ct to the enzymatic 
activities measured seems to be similar when the. mother is hypophy-
sectomized or the young are weaned. In hypophysectomized rats the 
administration of oxytocin, cortisol, and prolactin only partially re-
placed the pituitary influences as measured by the weight gain of the 
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litter of the hypophysectomized mothers (48). Baldwin and Martin (48) 
further observed that the administration of cortisol and prolactin to 
hypophysectomized rats would maintain the activity levels of several 
of the enzymes with respect to non-hypophysectomized controls but 
would not maintain other enzymes. However, casein synthesis was main-
tained at normal rates with prolactin or prolactin plus hydrocortisone 
treatment. 
Heitzman (49,50) has measured UDP-glucose pyrophosphorylase and 
UDP-galactose 4-epimerase activities in pregnant and lactating rabbits. 
He reported that the patterns of change for the pyrophosphorylase and 
epimerase in rabbits are similar to those described for rats. Further, 
he was able to show significant increases of these enzymes upon treat-
ment with human chorionic gonadotropin, prolactin, and hydrocortisone 
(49,50). Lactose synthetase activity was also observed in lactating 
and hormonally treated rats. 
Enzymatic Activities and Ma:rm:nary Tumors 
Several investigators have. begun enzymatic studies on mammary 
tumors. For example, Shatton et~· (41) assayed for UDP-glucose 
pyrophosphorylase and UDP-ga.lac.tose 4-epimerase activities in normal 
rats as a prerequisite to studying the retention of functional enzy-
matic activities in neoplastic tissue.. They re.ported that both rat 
mammary UDP-glucose. pyrophosphorylase. and UDP-galactose 4-epimerase 
activities were low in be.nign tumors in comparison to the values ob-
tained with lactating rats but that the activities were elevated in 
malignant tumors. Archer and Orlando (51) investigated the enzymatic 
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patterns of alkaline phosphatase and (3-glucuronidase as well as classi-
fied the growth patterns and histological appearance of rat mammary 
tumors induced by 7, 12-dimethylbenzanthracene (DMBA). They found that 
the activity of alkaline phosphatase was significantly reduced in 
static tumors compared with actively growing tumors and that a small 
group of tumors with histological secretory appearance contained ele-
vated ~-glucuronidase activity. 
Hilf and coworkers (52) have obtained a transplantable adeno-
carcinoma (mammary tumor) which undergoes a lactational response in 
non-lactating rats when treated with estrogen. They have shown that 
estrogen treatment of this tumor resulted in increased glucose-6-
phosphate dehydrogenase, malate dehydrogenase (decarboxylating), and 
phosphoglucomutase activity and decreased activity of glucose-phosphate 
isomerase, isocitrate dehydrogenase, and glycerolphosphate dehydro-
genase. However, the rate of growth of the tumor was inhibited by 
estrogen treatment (52). All the above enzymes increased when nor-
mally lactating tissue was treated with estrogen. Afte.r treatment with 
estrogen this same adenocarcin.oma, R;3230AC, produces a whitish fluid 
which has certain similarities to rat milk. It contains casein, 
similar whey proteins, and similar fatty acids but its lactose content 
is only about 0. 06% compare.cl with 3% for rat milk (53). Thus, the 
enzymes of lactose synthesis may provide a useful means of studying 
the hormonal control of this tumor which produce.s a milk-like fluid 
when it is stimulated by estrogen even though the tumor-bearing rat is· 
not lactating. 
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Enzymes Requiring Two Proteins 
Lactose synthetase is of interest not only because of its posi-
tion as the terminal step in the reactions of lactose biosynthesis but 
also because of its rather unique protein structure. The enzyme appa-
rently consists of two separate non-identical protein subunits, desig-
nated A and B, both of which are required for significant enzymatic 
activity (8). Thus, lactose synthetase is a member of a group of 
enzymes which require two separate proteins for activity and at pre-
sent it is the only mammalian enzyme of this type. 
At this time it is appropriate to define clearly the properties 
of the enzymes which are classified as requiring two proteins for 
activity, since this terminology does not unequivocally describe the 
enzymes. First, the enzyme may be resolved into two non-identical 
proteins which have different properties such as molecular weight, 
heat stability, or chromatographic behavior. In general, this dis-
sociation occurs with mild treatment such as molecular sieve filtration 
differential gel adsorption, or a:m.rnoniu:m sulfate fractionation and the 
proteins are recovered in an apparently unaltered state. That is, the 
protein fractions may be recombined to regenerate full or nearly full 
activity. Other enzymes may be. dissociated into non-identical pro-
teins with rather harsh treatments such as 8.M urea. However, these 
enzymes are excluded from the definitio.n of two-protein en'zymes since 
this dissociation does not appear to be a naturally occurring process. 
Next, the. proteins appear to act in combination as a functional unit 
to catalyze a specific reaction. Neither protein exhibits significant 
catalytic activity in the reaction under consideration in the absence 
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of the counterpart protein. Perhaps these protein interactions may be 
interpreted as an extension of the models of Monad.£!~· (54,55) in 
which one protein acts as an allosteric effector of the other protein 
to give rise to the catalytic activity, 
These criteria of non-identical protein "subunits" for catalytic 
activity characterize the enzymes which require two proteins. Cur-
rently there are nine enzymes which meet these criteria: tryptophan 
synthetase, lipoic acid-activating system,glutamate mutase, glycine 
decarboxylase, citramalate hydroylase, acetyl-CoA carboxylase, nucleo-
side diphosphate reductase, Q~-replicase, and lactose synthetase. 
There are certain technical problems associated with the two-
protein subunit enzymes not found in single-protein enzymes which are 
pertinent to this thesis. Certainly the involvement of two proteins 
in the catalytic activity complicates the enzymatic assay. That is, 
in developing an assay for enzymatic activity, one must consider not 
only the effect of substrates and metals on the assay but also the 
interaction of the proteins with one another and with the substrates. 
Much of the data concerning the involvement of the two subunits sug-
gests that the catalysis of the reaction occurs through the interaction 
of the proteins, The implication i.s that the two proteins react to 
form a complex which then can carry out the catalysis. The require-
ments for the formation of the complex vary with the enzyme system and 
generally complex formation requires substrates or cofactors. Such a 
complex has been found and characterized with the tryptophan synthe-
tase of Escherichia coli (56,57,58). Another point of interest with 
the two-protein enzyme systems is an attempt to understand the bio-
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logical role of the proteins. Do the two separate proteins provide a 
control mechanism or do they increase the versatility of enzymes in 
the organism? Some of the properties and possible functions of the 
two-protein enzymes are discussed in the following sections. 
Tryptophan Synthetase 
!· coli tryptophan synthetase (L-serine hydrolyase (adding indole1 
EC 4.2.1.20) was shown to consist of two non-identical and readily 
separable protein subunits by Crawford and Yanofsky (59), This enzyme 
catalyzes the terminal step in tryptophan biosynthesis according to 
the following reactions: 
9) indoleglycerol-phosphate ...---..::··· indole + glyceraldehyde-3-
phosphate 
pyridoxal phosphate 
10) indole + L-serine ----------- 1-tryptophan 
pyridoxal 
phosphate 
11) indoleglycerol-phosphate ~~~~~ L-tryptophan + glycer-
aldehyde-3-phosphate 
Reaction 9 is catalyzed by the lower molecular weight subunit, ex (A 
protein), and Reaction 10 is catalyzed by the higher molecular weight 
subunit, ~ (B protein), and requires pyridoxal phosphate (PLP). How-
ever, the isolated subunits have only trace catalytic activities, and 
maximum activity in Reaction 9 or 10 or any activity in the net 
reaction (Reaction 11) re.quires physical contact of the two proteins 
(59) 0 
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The~ subunit consists of a dimer (108,000 molecular weight) of 
two polypeptide chains and the ex subunit has a molecular weight of 
29,500 (58). The amino acid sequence of the A protein (267 amino 
acids) is known (60). Sephadex G-200 chromatography and sucrose den-
sity gradient studies have indicated that two ex-subunits and one~ 
dimer form a complex designated as ex2 ~2 with a molecular weight of 
159,000-163,000 (58,56,57). The association of the subunits was de-
pendent on the presence of PLP and serine and the apparent association 
constant (K) was determined to be 4 x 106 - 2.6 x 109 M- 1 (56). 
a 
Several other reactions have also been ascribed to the~ subunit 
( 61, 62, 63) : 
PLP, ~ 
12) 1-serine --~~-- pyruvate + ammonia 
PLP, ~ 
13) Mercaptoethanol + 1-serine --~~--"' S-hydroxyethyl-1-cysteine 
14) R-SH + 1-serine + PLP "" """'R-S·~mercaptopyruvate + PMP + H2 0 
Recently Crawford and coworkers (63) have shown that the ex subunit 
alters the re.lative activity of the ~ protein towards the possible 
reactions by altering the fate of the enzyme·~bound phosphopyridoxyl-
aminoacrylic acid intermediate. The protein completely inhibits 
transamination (Reaction 14) and deamination (Reaction 12), and great-
ly stimulates the indole ~-addition (Reaction 11 of the tryptophan 
synthetase scheme). Thus a regulatory function of the ex-protein with 
the possible reactions of the ~ subunit has been described. 
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The tryptophan synthetase of the mold Neurospora crassa behaves 
as a single component upon purification and is believed to be a single 
component (64,65). However, a recent description of the tryptophan 
synthetase of the tobacco plant Nicotiana tabacum var. Wisconsin 38 
indicates that the enzyme of this species exists as two separate 
protein components separated by ammonium sulfate fractionation (66). 
Both the N. tabactnn proteins can .substitute for the analogous!· coli 
proteins in Reaction 11 but sucrose density gradient studies with sub-
strates and cofactor were unable to reveal complex formation. 
Lipoic Acid-Activating System 
Extracts prepared from lipoic-acid deficient cells of Strepto-
coccus'faecalis contain.an apopyruvate dehydrogenation system which 
is "activated" when lipoic acid is added to the extracts (67). After 
"activation" the extracts carry out the dehydrogenation of pyruvate 
(Reaction 15). 
15) Pyruvate + NAD+ + CoA::::=>= acetyl-CoA + C02 + NADH + H+ 
The apopyruvate dehydrogenation .system was separated from the lipoic-
acid activating system by protomine sulfate fractionation. Further-
more, the lipoic-acid activating system was separated into two 
essential components (PS-2A and PS-2B) when fractionated with ammonium 
sulfate at an alkaline pH. Both fractions PS-2A and PS-2B had to be 
incubated simultaneously with the apopyruvate dehydrogenation system, 
lipoic acid, and ATP to obtain an active pyruvate dehydrogenase sys-
tem. The lipoic-acid activating system from!• coli would replace that 
from s. faecalis but the E. coli system was not resolved into compo-
nents. 
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Fraction PS-2A was heat-labile and formed lipohydroxamic acid 
when incubated with lipoic acid, ATP, and hydroxylamine. Fraction 
PS-2B was stable to boiling water for 10 min, relatively stable to 
treatment with TCA, and partially inactivated by trypsin. Reed et al. -·-
(67) suggested that fraction PS-2A functions by activating the lipoic 
acid through an ATP-dependent reaction involving the formation of 
lipoyl adenylate and that fraction PS-2B may function as a carrier of 
the lipoyl moiety between a lipoyl adenylate-fraction PS-2A complex 
and the apopyruvate dehydrogenation system. 
Glutamate Mutase 
The bacterium Clostridium tetanomorphum initiates the degradation 
of glutamate by the action of glutamate mutase (EC 5.4.99.1) which 







In the purification of glutamate mutase, treatment with calcium phos-
) 
phate gel yielded. two protein fractions which had to be recombined for 
enzymatic activity (69), The gel supernatant fraction was designated 
as Component Sand the gel eluate fraction as Component E, Component 
E has been further purified and has a molecular weight of 128,000 as 
determined from sucrose density gradient studies. Component E exhibi-
ted no activity without adding Component S to the reaction mixture but 
superoptimal levels of S resulted in inhibition of the reaction; the 
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magnitude of the inhibition appeared to increase with the S:E ratio. 
Also, at higher levels of S, sigmoidal curves of activity~· concen-
tration of E were observed at low levels of E (69). Further purifica-
tion of Component S, however, eliminated these effects and no inhibi-
tion by Component S was observed at any concentration examined (70); 
the authors suggested that the previous inhibitions had been due to 
impurities. The molecular weight of Component S was estimated by 
Sephadex G-100 gel filtration to be 18,000 for the monomer and 34,400 
for the dimer (70). 
While investigating the interactions of the E and S proteins 
Switzer and Barker (70) observed that Component E bound the coenzyme, 
dimethylbenzimidazolylcobamide, and that the amount of .coenzyme bound 
was significantly increased in the presence of excess S protein. Thus, 
a function of Component S in the catalysis can be ascribed to its 
ability to decrease the apparent K of Component E for the cobamide 
m 
coenzyme, although it was observed that increases in the S:E ratio 
which no longer resulted in further increases in mutase activity did 
continue to decrease the K for the coenzyme. 
m 
Experiments to obta.in evidence for complex formation from an 
effluerit of Sephadex G-100 were unsuccessful, but Switzer and Barker 
(70) suggested that the effe.cts of Component S on the coenzyme binding 
by Component E do establish that the components interact. They pro-
posed that the two proteins bi.nd to ea.ch othe.r rather weakly in a 
rapid, reversible reaction. 
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( + )-Citramalate Hydrolyase 
Another enzyme in the glutamate degradation pathway off· teta-
nomorphum which requires two proteins for activity is (+)-citramalate 
hydrolyase, also known as mesaconase (EC 4.2.1), which catalyzes 












Blair and Barker (71) reported the partial purification of this enzyme 
and its resolution into two protein fractions des~gnated Component I 
and Component II by elution from DEAE-cellulose. The assay for 1-2 
units of Component I was performed with 2,5 units of Component II and 
conversely 2,5 units of I were used in the assay of 0.2-0,9 units of 
II; both assays were linear at the one level of the counterpart com-
ponent although both protein fractions contained small amounts of the 
other fraction, From Sephadex G-100 chromatography studies the mole-
cular weight of I was 20, 000·-!~o, 000 and the molecular weight of II was 
above 100,000; both proteins were heat labile. 
Component II was ina.ctiv·ated by exposure to oxygen and required 
activation with a sulfhydryl reagent and Fe++. No direct evidence for 
complex formation or for the role of either of the two protein 
fractions was presented, but a higher le.vel of activity (two to five-
fold) for Component II was observed when it was activated in the pre-
sence of Compone.nt I (71). 
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Glycine Decarboxylase 
Another bacterial enzyme which requires two non-identical proteins 
is the glycine decarboxylase of Peptococcus glycinophilus (72). This 
enzyme catalyzes the labilization of the carboxyl group of glycine and 
is assayed according to the following reaction: 
18) 
Klein and Sagers (72) separated the enzyme into two protein fractions, 
P1 and P2 , with Sephadex G-100 chromatography. P1 is heat labile and 
contains tightly bound pyridoxal phosphate; P2 is a heat-stable, low 
molecular weight component which is inactivated by proteolytic enzymes. 
Further purification of both proteins was obtained, and a saturation 
curve of one level of P1 and P2 required relatively large quantities 
of P2 (5-8 mg/ml) (73). No definitive function for either protein was 
described. 
Acetyl-CoA Carboxylase 
Alberts and Vagelos (74) recently described a two-protein, biotin-
containing enzyme, a.cetyl-CoA ca.rboxylase (EC 6. 4.1.2) of !· coli. 
This requirement for two proteins has not been described for enzymes 
from other sources (7~,75). Two protein fractions (Ea and Eb) were 
separated by alumir11C gel fractionation, and both protein fractions 
' were required for enzymatic activity. E was sensitive to avidin and a 
contained biotin and the carboxylate·binding site. Studies with the 
two proteins established the following reaction sequence (74): 
Mn++ 
19) E + HC03- + ATP =WWW=== E -CO;:,= +ADP+ P. a - a - 1. 
Eb 
20) E a-C02 + ace.tyl-CoA .===== Ea + malonyl-CoA 
21) HC03 - + ATP + acetyl-CoA :;;;;:::::~" ADP + P. + malonyl-CoA 
l. 
Thus, a rather unique function is ascribed to protein E since it 
a 
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catalyzes the. binding of C02 to biotin and also acts as a partial sub-
strate for the transfer of the carboxylate group to acetyl-CoA by the 
protein Eb. 
Assays of the proteins were shown to be linear with excess 
counterpart protein. Evidence was presented that the proteins do 
interact since Eb enhances the sensitivity of Ea to avidin inactiva-
tion and sigmoidal curves were obtained with activity~ Eb plots 
when E -C02 - was used as the substrate (74). a 
Ribonuc le.aside D iph.ospha te Reduc ta.se 
Reichard (76) first reporte,d the separation of § .• coli. ribonucleo-
side di.phosphate reductase (fractions Bl and B2) wi.th c7-a.lumina in 
1962. The following st:heme was propose.d for the synthesis of deoxyCDP 




ATP, Mg ++ 
CDP ------';;,, d~o"""' CDP -·----B-1-B'.l - " '°'J ' ....... 
'I'h1' oredox1'n ~ (SH),, -·--·,.~~-,-·~·---~ 'I'hioredox.in-S,·, . ~ ;;:::::==-- --~ r-
TPN + thi.ored.oxi.n re.ductase TPNH + H+ 
Further study showeid. that the same four purified proteins (thiore.doxin., 
thioredoxin reductase, Bl, and B2), cat:a.lyzed the reduction of ADP and 
GDP as well as CDP and UDP, although the specificity was i.nfl.ut:.:!nced by 
different nucleotide effectors (78,79). That is, ATP stimulated the 
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reduction of the pyrimidine ribonucleotides, dGTP the purine ribo-
nucleotides, dTTP both, and dATP inhibited enzymatic activity with all 
four substrates (79). 
Recently Reichard's group have demonstrated the existence of a 
complex of Bl and B2 by sucrose density gradient studies which required 
++ . ( the presence of Mg for complex formation 80). They also showed that 
protein Bl binds radioactive nucleotides during Sephadex G-25 chromato-
graphic studies (80). Thus it appears that the non-identical protein 
subunit Bl of ribonucleoside diphosphate reductase serves a regulatory 
function through its ability to bind the allosteric effectors. 
Q(3-Replicase 
Purified Qr,-replicase (a RNA-dependent RNA-polymerase induced by 
Qr,-bacteriophage) will catalyze the. synthesis of biologically compe-
tent RNA (81,82). The active enzyme appears to exist as a "complex" 
which is dissociated into two protein fractions by successive and pro-
longed centrifugation in sucrose density gradients (83), The heavier 
component (molecular weight approximately 130,000) also has poly-C 
dependent poly-G synthetic activity; the lighter component has a mole-
cular weight of approximately 80,000. Neither of the isolated pro-
teins can initiate or complete the reaction catalyzed by Qr,-replicase 
in the absence of the other protein. This suggests that the proteins 
act as a functional unit. 
The paucity of genetic in.formation in the Qt:,-RNA suggested that 
one of the proteins of the replicase might be derived from the §_. coli 
host, and indeed Eikhorn, Stockley, and Spiegelman (8!~) have isolated 
a protein from uninfected cells which has all the properties of the 
"light" component. Furthermore, the "light" component was isolated 
from!· coli B, an F strain which cannot be infected by the Qf3 phage. 
Thus, they have shown that one of the protein components of Qf3-repli-
case is host~specified. Current investigations are underway to deter-
mine the function of the "light" protein in uninfected cells (84), 
Lactose Synthetase 
Lactose synthetase (EC 2.4. 1.22) from bovine skim milk was first 
observed to require two proteins by Brodbeck and Ebner (8). The pro-
teins, designated A and B, were separated on Biogel P-30 into a larger 
molecular weight fraction (A) and a smaller molecular weight fraction 
(B). Similar elution patterns of the enzyme from Biogel P-30 indi-
cated that the lactose synthe.t.ase .. from bovine. mammary tissue was 
identical to the enzyme obtaine.d from m.ilk.~ a.nd. the subcell.ular dis-
tribution study of the tissue enzyme indicated the A protei.n was 
located ma.inly in the mic.rosomal fraction while the B protein was 
. located in both the microsomal and soluble fracti.ons (29). The. B pro-
tein has been purifi.e.d to homog<::nei.ty and crystallized. It was sub-
seque:ntly identified a.s the. we.11 c.haracte:r:ized milk pr1:>tein O:··lacta.1-
bumin (32), which th~.n asc:r.i.bt':d to ().;cu lacta.lbu:m:in a. biologi.cal role as 
a subunit of lactose,synthetas~. 
Further insight into the·role of the two proteins has been.pre-
sented by Brew.~ _&. (34.). These worke.rs have. found that the A 
protein alone will c.atalyze the formation of N-a.c.e.tyllac.tosamine. when 
N-ace.tylglucosami'ne is subst:itute.d for.· glucosei: 
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A, Mn -I+ 
25) UDP-galactose + N-acetyl-D-glucosamine ~UDP+ 
N-acetyllactosamine 
Furthermore, this activity is inhibited by a-lactalbumin (B protein). 
They suggested that the B protein modifies the substrate (acceptor) 
specificity of the galactosyl transferase from N-acetylglucosamine to 
glucose, and designated a-lactalbumin a "specifier" protein (34). 
Mammary Gland Response to Hormones: 
In Vitro Studies 
The development of the mammary gland and maintenance of lactation 
require complicated hormonal interactions (2,3). Estrogen is believed 
to stimulate growth of the duct system in early pregnancy while pro-
gesterone and estrogen are later required for full alveolar growth. 
Prolactin is also thought to be influential at the end of pregnancy 
and at parturition., 
Milk secretion is believed to be initiated by the withdrawal of 
estrogen and progesterone and.the continuation of prolactin and 
adrenal cort,icoid influence (3). Turner has reviewed the in vivo 
experimentation which implicate these hormonal influences in the 
development of the mammary system and lactation (3). It was believed 
that the hormones may increase the rate of synthesis of certain se-
lected enzymes at parturition (2), but the results of Baldwin and co-
workers (43) show that the activity levels of many enzymes rise during 
lactation. They suggested that the hormones may exert more of a 
passive, permissive influence. 
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Because of the complex interactions of the neuro-endocrine sys-
tem'which may occur with whole-animal in vivo experiments, several re-
searchers have turned to in vitro experiments with organ cultures in 
a chemically defined medium to study hormonal effects and different-
iation. With this type of experiment the chemical environment, 
especially the hormonal environment, of the tissue may be controlled 
and definitive effects of the hormones may be sought, Generally, a 
small amount of tissue is incubated with the defined medium in a modi-
fied Petri dish with controlled atmosphere and sterile conditions. 
Using such a technique, Elias (5) has successfully maintained 
adult mouse mannnary tissue in a synthetic medium for five days. His-
tological studies indicated that cortisol and prolactin in Medium 199 
with explants of 14-day pregnant mice maintained and stimulated the 
secretory activity of prelactating mammary lobules. Rivera (6) has 
since determined the minimal levels of hormones required to maintain 
and initiate secretion in C3H prelactating (10- to 13-day pregnant) 
lobules to be aldosterone (1 µg/ml), insulin (5 µg/ml) and prolactin 
(1 µg/ml). 
Juergens et~· (7) measured the incorporation of 32 P into 
rennin-insoluble material (casein) as a biochemical criterion of dif-
ferentiation. The mannnary cultures from C3H/HeN mice (11-12 days 
pregnant) responded to insulin, hydrocortisone, and prolactin at a 
concentration of 5 µg/ml each; the peak in the casein synthesis was 
at 48 hours. The biochemical synthesis of casein as a criterion of 
differentiation has been correlated with the previously established 
histological changes by Stockdale ~ al. (85). 
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Further biochemical identification of the effects of the insulin-
hydrocortisone-prolactin (IFP) medium has been pursued. Lockwood et 
!!..!,, (86) showed a 300-400% increase of a-lactalbumin and 125-225% in-
crease of ~-lactoglobulin in explants in the IFP medium; insulin 
alone caused only 100% stimulation of both proteins. Furthermore, the 
IFP medium caused a stimulation of casein, a-lactalbtllllin, and ~-lacto-
globulin synthesis of similar magnitudes and with similar time courses 
(86,87). Thus, the possibility of using the organ culture techniques 
to investigate the hormonal influences of lactose biosynthesis was 
established, since a-lactalbtllllin is a protein subunit of lactose syn-
thetase. Also Brew and Campbell (88) established that the milk pro-
tein a-lactalbtllllin was synthesized.during the incubation of whole 
cells. Guinea pig slices were incubated in a defined salt medium con-
taining leucine-14C, and 3.3 mg of a-lactalbtllllin- 14c were isolated 
from the medium. 
Topper's group have further investigated the role of hormones in 
the differentiation of mammary tissue in explants. Stockdale and 
Topper (89) showed that DNA synthesis and/or cell division in the 
mammary epithelitllll is necessary for casein synthesis, and that the 
daughter cells have different functional properties when formed in 
different hormonal environments. 
Lockwood~ al. (90) have attempted to determine the site of 
action of the three hormones in the IFP system.by transferring the 
cultures from media with certain combinations of hormones to media 
containing different hormones at different times in the culture 
period. They indicated that hydrocortisone acts during proliferative 
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periods (preceding or during mitosis), but that prolactin can act 
after mitosis has occurred. Insulin is required for the action of 
both hydrocortisone and prolactin, and the proposed model suggests 
that insulin is:involved in the initiation of DNA synthesis. Insulin 
is also required during the phase after mitosis (90), 
Turkington~ al. (91) have provided evidence that prolactin acts 
to induce casein synthesis in the daughter cells formed in vitro in 
the presence of insulin and hydrocortisone rather than to increase the 
rate of synthesis of casein by pre-existing differential cells, Turk-
ington (92) has also shown that the casein-producing cells previously 
formed in vivo lose their capacity to synthesize detectable amounts of 
casein after 96 hours in insulin-hydrocortisone (IF) medium, though 
they still can synthesize a-lactalbumin and ~-lactoglobulin, The 
cells which had been incubated with the IF medium then synthesized 
casein when exposed to either human placental lactogen (HPL) or pro-
lactin, but this required the continuing presence of insulin in the 
medium. Associated with the induction of milk protein synthesis is a 
rise in the rate of RNA synthesis which is inhibited by actinomycin D. 
This effect suggests that HPL or prolactin stimulates DNA-directed RNA 
synthesis (92). 
The effects of in vitr~ incubations of mammary tissue on various 
enzymatic activities have been examined .. , Ebner et ~.!.· (93) assayed 
enzymatic activities in bovine mammary cell cultures to compare with 
enzymatic activities in the tissue from which the cultures were de-
rived, Their results indicated a marked decrease in the specific 
activities of most of the enzymes, including UDP-galactose 4-epimerase, 
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in the cell cultures compared with the activities in the original 
tissue. They pointed out that the cells appear to lose their special-
ized functional characteristics in culture even though they remained 
visually in a "secretory" state. 
In a preliminary conununication Leader and Barry (94) have report-
ed an increase in the activity of glucose-6-phosphate dehydrogenase 
after 12-24 hours in explants cultured in Medium 199 supplemented with 
insulin. This two-fold increase was inhibited by actinomycin D and 
cycloheximide but not by hydroxyurea; therefore, the increase is be-
lieved to require protein and RNA synthesis but not DNA synthesis. 
The lactose synthetase system has been investigated by Turkington 
et al. (46) in both organ culture and in pregnant and lactating mice~ 
Both A and B proteins in explants responded to the IFP medium, and 
they both showed the specific induction by prolactin after prior in-
cubation with insulin and hydrocortisone. When the proteins were 
assayed in mice at different stages of pregnancy and lactation, the A 
activity reached a maximum just prior to parturition; the B activity, 
however, was low during pregnancy and increased rapidly after parturi-
tion. They suggested that the differential expression of the A and B 
proteins may be due to a unique control mechanism, but the nature of 
this mechanism is yet unknown. 
Increases in Enzymatic Activity.In Vitro 
During this investigation time-dependent increases in enzymatic 
activity of UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase 
were observed in rat mammary gland homogenates maintained at room 
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temperatures. That is, an increase in the total enzymatic units as 
measured by a standard assay was observed as a function of time while 
the homogenates were allowed to stand at room temperature. The acti-
vity of UDP-glucose pyrophosphorylase was previously shown to increase 
in rat mannnary gland homogenates with freezing and thawing (25). 
Similar time-dependent increases in the enzymatic activity of glycogen 
synthetase, 5'-nucleotidase, acetyl-CoA carboxylase, pyruvate kinase, 
and xanthine oxidase have been observed. 
Gold and Segal (95) described an increase in the activities of 
both glucose-6-P "dependent" and "independent" glycogen synthetase 
(UDP-glucose:glycogen a-4-glucosyltransferase, EC 2.4.1.11) of rat 
liver. This increase (3- to 4-fold and 10-fold for the glucose-6-P 
dependent and independent activities, respectively) was observ~d in an 
8,000 xg supernatant solution after transfer from 0° to 24°. The 
activation has been related to a conversion of the glycogen synthetase 
from one form (b) to an activated form (a) which has increased affini-
ties for glucose-6-P, UDP-glucose, and inorganic phosphate (96). Gold 
(97) has observed that the two forms differ in the effects of EDTA and 
Mg++ on the stimulation and suggested that the activation produces a 
form of the enzyme with an increased affinity for Mg++ (an effective 
activator of glycogen synthetase). No further evidence concerning the 
mechanism of interconversion of the two forms was presented. 
The activity of the 5'-nucleotidase of!• coli cell extracts may 
be increased by diluting the extracts with water and incubating them 
a.t 37° (98). Dvorak~~· (99) have shown that this activation is 
due to a gradual destruction of an proteinaceous inhibitor of the 5°-
nucleotidase and they have partially separated the inhibitor-enzyme 
complex from the inhibitor by Sephadex G-100 chromatography. 
Rat liver acetyl-CoA carboxylase (acetyl-CoA:C02 ligase (ADP), 
EC 6.4.1.2) is activated by incubating either the partially purified 
enzyme or a 100,000 xg rat liver supernatant solution at 37° for 3-4 
hours (100). This activation is accelerated when citrate is present 
and is associated with the aggregation of protomeric subunits as 
determined by sucrose density gradient studies. However, trypsin 
treatment also effects an activation of the acetyl-CoA carboxylase 
which is not accompanied by an increase in the molecular weight. The 
mechanism of the trypsin activation is not yet known. 
Bailey~!!...!.· (101) have observed that preincubation of rat liver 
pyruvate kinase (ATP:pyruvate phosphotransferase, EC 2.7.1.40) at 25° 
for 5 min results in marked increases in the cooperativity of the 
enzyme with respect to the substrate phosphoenolpyruvate and the 
allosteric activator fructose-1,6-~iphosphate. Hence an increase in 
activity occurs when these compounds are present in the assay. Bailey 
~!!...!.· (101) suggested that liver pyruvate kinase exists in two forms 
- LA and LB - and that the LA form is converted to the LB (activated) 
form during the activation. The mechanism for converting LA to~ 
was not discussed. 
Corte and Stirpe (102) have reported that xanthine oxidase 
(xanthine-oxygen oxidoreductase, EC 1.2.3,2) activity with 02 as the 
electron acceptor increases about 4- to 6-fold after storage at -20° 
for 24 hours. A study of activity .:y~. storage time at -20° resulted 
in a sigmoidal curve, but .the activation mechanism was not clarified. 
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Thus, increases in activity upon incubation ("activation") have 
been described for five enzymes other than those described in this 
study: rat liver glycogen synthetase, §.. coli 5'-nucleotidase, rat 
liver acetyl-CoA carboxylase, rat liver pyruvate kinase, and rat liver 
xanthine oxidase. Of the increases investigated, satisfactory mecha-
nisms to explain the increase in enzymatic activity have been described 
for the 5'-nucleotidase (destruction of an.inhibitor) and for the 
acetyl-CoA carboxylase (aggregation of subunits), although the action 
of trypsin on the acetyl-CoA carboxylase increase has not been ex-
plained. For the other enzymes, however, the physico-chemical basis 
of the enzymatic increases remains obscure. 
; CHAPTER III 
PRELIM!NARY EXPERIMENTS 
Experim~ntal .Procedure 
Preparation of Extracts 
Animals were killed in a C02 chamber and the tissue was removed, 
minced finely with sharp-pointed scissors and homogenized in a buffer 
at 4° containing 0.15 ~ KCl, 0.005 ~ MgCl2, and 0.005 ~ EDTA, pH 7,5 
with a Sorvall Omnimixer (Model OM-1150), setting 8, at 0° for 30-60 
sec. The organ culture explants of rat inguinal mammary glands (50 
mg) were homogenized in 2 ml of the homogenizing buffer using the 
microattachment to the Sorvall Omnimixer. The homogenates were cen-
trifuged at 10,000 xg for 10 min in a Sorvall RC-2 centrifuge at 4°. 
The same procedure was also used to prepare extracts from L-cells 
(0.2 g/ml of homogenizing buffer). 
For the study of the activities of the mammary enzymes during 
the pregnancy-lactation cycle 1 g of rat abdominal mammary tissue was 
homogenized with 2 ml of the homogenizing buffer using the micro-
attachment, and the homogenates were centrifuged at 30,000 xg for 15 
min. The supernatant solution (S-30 supernatant) between a heavy 
layer of fat and the cellular debris was removed with a syringe fitted 
with a 4" needle. Microsomes were prepared by taking a portion of the 
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S-30 supernatant solution and centrifuging at 105,000 xg for 60 min 
or 80,000 xg for 120 min in a Spinco Model L refrigerated centrifuge. 
The precipitated microsomes were suspended in 0.26-2.0 ml of 0.25 ~ 
sucrose depending on the quantity of microsomes. 
To prepare extracts for the activation studies usually 1 g of 
tissue was homogenized with 10 or 20 ml of the homogenizing buffer. 
The homogenates were centrifuged at 10,000 xg for 20 min and were 
filtered through glass wool. Bean, pea, and mung bean seeds were 
ground to a powder in a mortar and pestle and the powders were homo-
genized (see Table I for concentration) as were the animal tissues. 
After filtration through cheese cloth the plant extracts were centri-
fuged at 30,000 xg for 20 min and the supernatant solutions were 
passed through glass wool. !· coli K-12 wild type cells grown on 
minimal salts-glucose medium (103) to late log phase were harvested 
by centrifugation. One gram of the cells was suspended in 5 ml of 
the homogenizing buffer and disrupted for 15 min in a Raytheon Sonic 
Oscillator at maximum amperage. This mixture was then centrifuged at 
30,000 xg for 15 min and the supernatant solution was used for the 
enzymatic extract. 
Preparation of Organ Explants 
' Explants for organ culture were prepared similarly to the method 
of Juergens et al. (7). Three or four small pieces of tissue. (50 mg 
total) were placed on a stainless steel grid in a 20-ml beaker so that 
they were just covered by 3 ml of Medium 199, Hank's salt base (104). 
The cultures were maintained at 37° in 95% 02 , 5% C02 at approxi-
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TABLE I 
INCREASE IN UDP-GLUCOSE PYROPHOSPHORYLASE ACTIVITY IN A 
VARIETY OF TISSUE iHOMOGENATES AT 20° C 
Time For Fold 
Homogenate Initial Enzyme Maximum Increase 
.Concentration Activity Increase At Maximum 
Source (mg/ml) (units/g tissue) (Hr.) Value 
1. Mannnary Glands 
(lactating) 
Rat 50 2.63 12.3 8.9 
Rabbit 100 0.29 12.7 6.2 
Opossum 50 7.44 5.4 3.4 
Guinea Pig 50 0.53 27.3 50.4 
Bat 50 0.37 6.3 15 .6 
Hamster 100 0.18 11.7 2.7 
Mouse 100 0.37 13 .o 37,9 
Bovine 50 1.33 4.7 2.1 
2. Livers 
Rat 100 3.40 22.2 2.8 
Rabbit 100 2.04 8.4 4.1 
Opossum 50 7,59 12 .5 2.8 
Guinea Pig 50 0.56 31. O 17 0 1 
Bovine 100 0.50 4.5 2.1 
Hamster 50 2.98 2.7 1.7 
Chicken 200 0.11 9.7 5.1 
3, Others 
Rat Brain 50 0.003 3.5 55.6 
Bean Seeds 200 0.11 6.o 10.2 
Pea Seeds 200 0.65 6.o 2.3 
Mung Bean Seeds 200 0.14 4.2 4.9 
E. coli Cells 200 0.25 2.6 1.3 - --
1-Cells 100 0.07 6.o 2.5 
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mately pH 7.5 up to 24 hr. Hormones (insulin, hydrocortisone, or 
prolactin) were added to the medium where indicated at a final con-
centration of 5 µg/ml and K-penicillin G (50 µg/ml) was added to all 
media. The media were sterilized by filtration through Millipore 
filters (0.45 µ). 
Enzymatic Assays 
UDP-glucose pyrophosphorylase was assayed by coupling the for-
mation of UDP-glucose with UDP-glucose dehydrogenase as previously 
described (24). One unit of enzyme is the amount which catalyzes the 
formation of 1 µmole of UDP-glucose per minute. 
UDP-galactose 4-epimerase was also measured by coupling the for-
mation of UDP-glucose from UDP-galactose with UDP-glucose dehydroge-
nase (26). One unit of enzyme is the amount which catalyzes the con-
version of 1 µmole of UDP-galactose to UDP-glucose per min. Care was 
taken with both assays to ensure that the amount of UDP-glucose de-
hydrogenase present in the reaction cuvette was not limiting. The 
change in absorbance for all the spectrophotometric assays used in 
these studies was followed at 340 mµ with a Cary-14 or Beckman DB re-
cording spectrophotometer. 
Lactose synthetase was assayed in the crude extracts by measur-
ing the incorporation of UDP-galactose- 14C into lactose-14C (8). The 
UDP-galactose- 14C was removed from the incubation mixture by passage 
through BioRad AG 11A6 and Dowex-1-fonnate. The lactose-14C was 
collected in scintillation vials, Bray's scintillation fluid was 
added (105), and the samples were counted with a Packard Tri-Carb 
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liquid scintillation counter. One unit of lactose synthetase is the 
amount which catalyzes the synthesis of 1 rnµmole of lactose per 
minute incubation. 
Materials 
UTP, glucose-1-P, K-penicillin G, puromycin, and NAD+ were pur-
chased from Sigma Chemical Co., St. Louis, Missouri. Medium 199 was 
from Baltimore Biological Lab,; insulin.and hydrocortisone from Mann 
Research Laboratories; prolactin from the Endocrinology study section, 
National Institutes of Health; and Dowex-1 x 8 (50-100 mesh) and 
BioRad AG 11A8 (50-100 mesh) were from BioRad Laboratories. UDP-
galactose-14C (galactose-14c) (120 mcuries/nnnole) was purchased from 
New England Nuclear Corp., Boston, Mass. Non-radioactive UDP-galac-
tose was synthesized by the method of Moffatt and Khorana (106,107). 
Any other chemicals were of reagent grade. 
UDP-glucose dehydrogenase was prepared from bovine liver by the 
method of Strominger et al. (108) through Step 5. Rats were from 
Holtzman Co., Wisconsin or from the rat colony of the Biochemistry 
Department which were originally from Holtzman; guinea pigs and ham-
sters were from Don B Lab Animals, California. The lactating mouse 
was a gift from Dr. Ernest B. Hodnett, Chemistry Department. Beans 
(Kentucky Wonder Pole) and peas (Miragreen) were from Ferry Morse 
Seed Co., California; mung beans (Berken M-339) were obtained from 
the Agronomy Department. The 1-cells were donated by Dr. M. L. 
Higgins of the Biochemistry Department, and the!· coli cells were 
supplied by Dr. Jerry Chandler of the Biochemistry Department. 
Results 
Activities of the Lactose Synthesizing Enzymes in Rat Mann:nary Gland 
Homogenates 
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Before an evaluation of the enzymatic activities in organ culture 
explants could be made, the base levels of these activities had to be 
determined for the mammary glands of control rats. Thus, a study of 
the activities of UDP-glucose pyrophosphorylase, UDP-galactose 4-
epimerase, and lactose synthetase in mann:nary glands of normal, preg-
nant, lactating, and post-weaned rats was undertaken and the results 
are presented in Figure 1. UDP-glucose pyrophosphorylase and UDP-
galactose 4-epimerase were assayed in the S-30 supernatant solution 
and lactose synthetase was assayed in the microsomal preparation as 
described in the Experimental Procedure. The activities of UDP-glu-
case pyrophosphorylase and UDP-galactose 4-epimerase increased some-
what during pregnancy and increased rapidly after parturition and in 
early lactation, The maximum activity is seen in mid- to late-lacta-
ting glands. Also, some activity of these enzymes could be detected 
in nonpregnant rats and in those of early pregnancy, even though this 
is not readily seen in Figure 1. Lactose synthetase, on the other 
hand, was not detected at all until prior to parturition. The acti-
vity of this enzyme appeared to increase rapidly after parturition 
and was at a maximum in late lactation. These results are consistent 
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Figure 1. The Activities (Units/ g Tissue) of 
the Enzymes of Lactose Biosynthe-
sis in Homogenates of Rat Mammary 
Glands. 
Time periods: normal; pregnant 1-11 and 
12-22 days; lactating 1-7, 8-14, and 15-21 days; 
and involuted 4 days. The bar plots represent 
the mean of the values and the closed circles 
represent the values from individual rats: UDP-
glucose pyrophosphorylase (cross-hatched)j UDP-





















Organ Cultures of Rat Manunary Tissue 
To develop the techniques for preparing the tissue explants, 
culturing them, and assaying for the enzymes, UDP-glucose pyrophos-
phorylase wa,s chosen as an indicator enzyme. The total UDP-glucose 
pyrophosphorylase activity in the explants and the culture medium of 
the explants .. of a 16-day lactating rat with or without added hormones 
as a function of time is shown in Figure 2. The enzymatic value at 
time zero is the activity found in freshly prepared explant homoge-
nates at the initiation of incubation. Both the explants and the 
medium contained similar levels of enzymatic activity which indicates 
that a considerable amount of the· enzyme was leaking into the medium. 
The total amount of activity increased in a nearly linear manner for 
10 hours and then decreased at 24 hours. The data in Figure 2 suggest 
that hormones (cortisol, prolactin, and insulin) increased enzymatic 
activity but this single experiment is misleading; other experiments 
have shown that the increase in enzymatic activity is independent of 
hormones. That is, the differences seen in Figure 2 are not signifi-
cant since there was considerable variation in the extent of enzymatic 
increase in the explants (6- to 10-fold for late lactating tissue) and 
other experiments analogous to that represented in Figu~e 2 showed 
less increase in enzymatic activity for explants and medium incubated 
with hormones. Furthermore, the time of maximum i.ncre.ase (10 hr) ob-
served for the rat mammary explants does not coincide with the time 
of maximum synthesis of casein (24-48 hr) observed in mice mannnary 
explants (7). Also, the synthesis of casein in the mouse explants 
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Figure 2. Activity of UDP-Glucose Pyrophosphorylase in 
Explants and Medium from 16-Day Lactating 
Rat Mammary Gland. 
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Open figures are in the absence of hormones and 
closed figures are in the presence of hormones (prolactin, 
hydrocortisone, and insulin; 5 µg/ml). I - I, Medium; 
.&-.& , tissue; •-• , total of .medium and tissue with 
hormones. 0 - 0, Medium; 6.-6., tissue; O-D , total of 
medium and tissue without hormones. Relative activity 




bited by puromycin (7). However, the UDP-glucose pyrophosphorylase 
increase in rat mammary explants (Figure 2) does not require hormones, 
and the addition of 0.2 mM puromycin to the medium did not inhibit the 
time-dependent increase in enzymatic activity. Thus, the increase in 
enzymatic activity appears to be from a process other than enzyme-
protein synthesis. 
A similar investigation of the activity of UDP-galactose 4-epi-
merase in 20-day lactating rat mammary explants cultured in the pre-
sence or absence of hormones is presented in Figure 3. No activity 
of this enzyme was detected in the medium. Figure 3 demonstrates a 
time-dependent decay of UDP-galactose 4-epimerase in the mammary 
tissue explants with no significant effect of hormones. Thus, it 
appears that organ cultures of rat mammary gland with insulin, hydro-
cortisone, and prolactin with the techniques described do not exhibit 
i 
increased synthesis of UDP-galactose 4=epime.rase or UDP-glucose pyro-
phosphorylase. 
Enzymatic Activity Increase in Crude Homogenates 
The time-dependent increase in UDP-glucose pyrophosphorylase 
activity observed in the medium and tissue explants was not affected 
by the presence of insulin, hydrocortisone, and prolactin (IFP); did 
not follow the time course reported for the synthesis of casein (7); 
and was not inhibited by puromycin. The.se results suggested that an 
in vitro "activation" of a pre-existing enzyme form was occurring. 
Therefore, tissue extracts of rat mammary glands were examined. for a 






































Figurej. Activity of UDP-Galactose 4-Epimerase in 
20-Day Lactating Rat Mammary Expl.ants. 
I - I, activity in explants cultured in Medium 
199 containing insulin, hydrocortisone, and prolactin 
(5 µg/ml each). 0 - __ O, activity in explants cultured 
without hormones. Relative activity 1. 00 = O. 599 
units/g tissue. The cultures were maintained at 37°. 
Figure 4 demonstrates the time-dependent "activation" of UDP-
glucose pyrophosphorylase in mammary gland homogenates from a 19-day 
lactating rat and an 18-day pregnant rat. The time course of the 
activity increase is consistent with that observed in the organ cul-
tures: a maximum at 10 hours and a decline at 24 hours. 
The effect of the temperature of incubation on the increase of 
the pyrophosphorylase activity in the homogenates is presented in 
Figure 5. There is a 2-4 hour lag at 0° which decreases at 15° and 
nearly disappears at 24° or at 37°. Also, the extent of increase is 
directly related to the temperature of incubation; the highest fold 
increase is seen at 37°. Thus the increase in activity exhibits some 
dependence on the temperature of incubation. 
The rat mammary homogenates were also examined for an increase in 
the activity of UDP-galactose 4-epimerase. The time-dependent in-
crease in the epimerase activity in 13-day lactating rat mammary gland 
homogenates at 0° with or without added NAD+ is presented in Figure 
6. In the homogenate without NAD+, the UDP-galactose 4-epimerase 
activity increased 9-fold in about 3.5 hours and then fell rapidly. 
When 5 ~ NAD+ was present the activation occurred more slowly, 
reached a maximum at approximately 25 hours and then declined. (The 
NAD+ must be added in a buffered solution. Addition of crystalline 
+ NAD lowered the pH, and loss of activity of the enzyme probably due 
to denaturation occurred.) Addition of NAD+ to the extracts was sug-
gested by the observation of C.M. Tsai (27) that NAD+ stabilizes the 




Figure 4. Time-Dependent Increase in UDP-Glucose Pyro-
phosphorylase Activity in Rat Mammary 
Gland Homogenates. 
I - I, 19-day lactating rat, 1 g/20 ml homogenate, 
relative activity 1.0 = 2.6 units/g. 0 - O, 18-day 
pregnant rat, 1 g/5 ml homogenate, relative activity 





Figure 5. Increase in Activity of UDP-Glucose Pyrophos-
phorylase in 10-day Lactating Rat Mammary 
Gland Extracts as a Function of Temperature. 
0 - 0, 0°; • - ,, 15°; o-o ' 25°; and ·-·' 37°. 
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Figure 6. Time-Dependent Increase in UDP-Galactose 4-
Epimerase Activity in 13-Day Lactating Rat 
Mammary Gland Homogenates. 
0 - O, Activity in homogenates without added NAD+; 
I - 0, activity in homogenate when 5 mM NAD+ (0.05 ml of 
100 mM stock solution in 0.1 M phosphate. buffer, pH 7 .6 
added-to 0.95 ml of extract) was added. Relative acti-
vity 1.00 = 0.121 units/g tissue and incubation was at 
oo. 
The response of UDP-galactose 4-epimerase 11activation" to temp-
erature is illustrated in Figure 7. The rate of increase in activity 
and subsequent decay is tempera ture,-dependent both i.n the presence 
and absence of NAD+. The activity increased and decreased very rapid-
ly at 24°, more slowly at 15°, and most slowly at 0°, Moreover, the 
extent of activation is greater at lower temperatures. Also, the 
presence of NAD+ in the homogenate retards the rate of increase in 
~nzymatic activity and the. rate of decay. Thus, the increase in 
activity of UDP-galactose 4-epimerase is a function of both tempera-
+ ture and the presence of NAD in the homogenate, al though the. effect 
of the incubation temperatun, seems to be somewhat different from that 
of the UDP-glucose pyrophosphorylase, 
To determine whether the increase in activity of UDP-glucose 
pyrophosphorylase and UDP-galactose 4-epimerase upon incubation was 
found in other tissues and species or if the increase was restricted 
to rat mammary glands, a variety of tissue. e.xtracts were. examined for 
"activa.tion11 • Table I shows the results of incubating the homogenates 
from various tissue sources on the activity of UDP·-glucose pyrophos-
phorylase. Almost all of the homogena.tes showed some increase in 
activity although the extent of activation varie.d somewhat as did the 
ti.roe for maximum activity. Also, the initial le.vel of the pyrophos-
phorylase activity showe.d considerable variation from different 
sources. 
Similar increases in activity in other species are also seen 
with the UDP-galactose 4-epi.merase (Table. II), Again, the i.ncrease 
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Figure 7. Increase in UDP-Galactose 4-Epimerase Activity 
in 16-Day Lactating Rat Marri..mary Gland Extracts 
at 0°, 15°, and 24°. 
0 - 0, Activity in homogenate without added NAD+. 
I - I, Activity i.n homogenate with 5 mM XAD+ in the tissue 
extra~t. Re.la.tive activity 1. 00 = 0, 605 units/ g tissue. 
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TABLE II 
INCREASE IN UDP-GALACTOSE 4-EPIMERASE ACTIVITY IN 
A VARIETY OF TISSUE HOMOGENATES AT 20° C 
Time For Fold 
Homogenate Initial Enzyme Maximum Increase 
Concentration Activity Increase At Maximum 
Source (mg/ml) ~unitsLg tissue) (Hr,) Value 
-NAo+ +NAD+-NAo+ +NAo+ 
1. Mammary Glands 
(lactating) 
Rat 100 0.61 2.2 3.9 3,7 4.o 
Mouse 100 2.0 2.7 * 4.5 2.2 
Hamster 100 0.1 2.4 * 5.9 1.7 
Guinea Pig 50 46.3 3 .o * 12.7 2.9 
Rabbit 100 o.4 2.6 * 12.7 3.8 
Opossum 50 2.8 4.1 * 6.1 2.0 
Bat 50 6.4 r * 2.1 5,0 1.2 
2. Other 
L-Cells 200 0.05 5.1 3,5 2.6 2.4 
* In some cases, a decrease in activity was observed the. first time 
the homogenate was assayed after zero time. It is possible that the 
first assay was performed after the activation had occurred and only 
the decline in activity was observed, 
ties of UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase 
with incubation is not restricted to rat mammary tissue but occurs 
in many tissue extracts. 
CHAPTER IV 
INVESTl:GATlON OF THE INCREASE, .IM uPP-.GLUCOSE PYROPHOSPHORY¥,SE 
ACTIVITY IN RAT ~y GLAND HOMOGENATES 
, Expe-rimental Procedure 
Homogenates of lactating rat mammary glands were prepared and 
UDP-glucose pyrophosphorylase was assayed as described in Chapter III. 
In a few experiments another homogenizing medium such as 4% sucrose 
or 0.1 M potassium phosphate, pH 7.6 was substituted for the homo-- . 
genizing buffer (0.15 M KCl, 0.005 M MgC12 , 0.005 M EDTA, pH 7 .5) but - - -
the homogenization procedure was the same as in Chapter III. Acetone 
powders were prepared from a lactating rat mammary gland by twice 
extracting 1.4 g of tissue with 15 volumes of acetone at -15°, The 
yield of the acetone powder was 16.5%, 
Sucrose density gradient studies were carried out by the method 
of Martin and Ames (109) in 5-20% linear sucrose gradients containing 
0.15.!:!_ KCl, 0.005 !:!_ MgC12 , and 0.005 !:!_ EDTA, pH 7.5. The tissue ex-
tract (0.1 ml of the supernatant solution from 37,000 xg centrifuga-
tion for 20 min) was layered onto the gradients which were centrifuged 
at 65,000 r.p.m. for 1.5 hours in a Spinco 12-65 ultracentrifuge using 
the SW-65 rotor. The bottoms of the tubes were punctured and 10-drop 
fractions were collected, 
by Steelman and Ebner (24). 
The K for UTP was determined as described m 
UDP-glucose pyrophosphorylase was also 
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measured in a few cases by determining glucose-1-phosphate formation 
as previously described (24). 
Phenylmethylsulfonyl fluoride and UDP-glucose were purchased 
from Sigma Chemical Co.; Sephadex G-25, medium, from Pharmacia; and 
sodium chelate was from Mann Research Laboratories. All other mater-
ials were previously described in Chapter III. 
Results 
The results presented in Chapter III demonstrate that a time-
dependent increase in the activity of UDP-glucose pyrophosphorylase 
was observed in the: medium and tissue explants of rat mammary organ 
cultures. This increase was not affected by the presence of hormones 
(IFP), did not follow the same time course as reported for the syn-
thesis of casein (7), and was not inhibited by puromycin. These re-
sults suggested that the time-dependent increase in the activity of 
UDP-glucose pyrophosphorylase was E,2! due to hormone-mediated increase 
in the synthesis of enzyme protein but rath~.r to an in vitro "activa-
tion" of a pre-existing enzyme form. This sµggestion was supported 
by the finding that a similar time-dependent increase in the activity 
occurred in crude homogenates of mammary glands and other tissues. 
Thus, an investigation of the nature of the "activation" phenomenon 
observed in crude extracts was carried out. UDP-glucose pyrophos-
phorylase was chosen for these studies since the investigation of the 
increase in activity of UDP-galactose 4-epimerase was complicated by 
the role of NAD +. 
57 
General Nature of the Activity Increase 
Several experiments were performed to obtain information about 
the general nature of the "activationn process, The effects of treat-
ing the rat mammary tissue extract with phenylmethylsulfonyl fluoride 
(an inhibitor of certain types of proteolysis), the detergent sodium 
cholat.e., 4 ~ urea, and 0.2 _!:! potassium phosphate, pH 6.2 are illustra-
ted in Figure 8. Neither phenylmethylsulfonyl fluoride nor sodium 
chelate affected the increase in activity; however, the activity re-
mained esse.ntiaUy constant in 0.2 !;! potassium phosphate, pH 6.2. 
Treatment with 4 M urea, however, resulted in an initial rapid in-
crease followed by a decrease in activity. Thus, the increase in 
activity is not affected by the presence of phenylmethylsulfonyl 
fluoride or sodium chelate but is inhibited at pH 6.2 or in 4 M urea. 
The extent of activation was dependent on the ratio of tissue 
to homogenizing buffer and the effect of diluting the original extract 
5-, 10-, and 25-fold with the homogenizing buffer is seen in Figure 9, 
The sample.s which were diluted increased in activity to only half the 
extent of the undiluted control. For more actively lactating rats 
(15-21 days) a greater extent of increase in activity was found with 
1 g tissue/20 m.l homogenizing buffer, and for the less actively lac-
ta.ting rats (1-14 days) the ratio of 1 g tissue/lo ml of homogeniz;i.ng 
buffer yielded a higher extent of increase. 
Examination of Possible Ionic Effects on Interactions with Low Mole-
cul~r Weight Compounds 
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Figure 8, EfJ:ect of Treatment on the Activity of UDP-Glucose 
Pyrophosphorylase. 
(0 - o), 0.5 mM Phenylmethylsulfonylfluoride added to a 
20-day lactating rat mammary homogenate (50 mg tissue/ml), 
Relative activity 1.0 = 2.91 units/g tissue. (1 - 9), 1% 
sodium cholate; (•-•), 4 M urea; and (O-O), pH 6,2 of 
0,2 M potassium phosphate added to an equal volume of the 
homogenate. The homogenate (1 g tissue/20 ml) was from a 
19-day lactating rat, Relative activity 1.0 = 2.63 units/ 






















Figure 9. Activity of UDP-Glucose Pyrophosphorylase in 
Diluted Extracts from 16-Day Lactating Rat. 
(o - o), Normal control, undiluted (100 mg tissue/ 
2 ml homogenizing buffer); (• - 1), diluted 5-fold with 
the homogenizing buffer;(•-•), diluted 10-fold; 
(~-~), diluted 25-fold. Relative activity 1.00 = 2.91 
units/g tissue. Incubations were at 24°. 
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cess, Extracts prepared in 0.15 ~ KCl alone, however, also showed an 
increase in enzymatic activity with time. Homogenizing the tissue 
with different media did not significantly alter the increase in acti-
vity. For example, extracts prepared in 4% sucrose or in 1 ~ potas-
sium phosphate, pH 7,6 exhibited the same characteristic increase in 
UDP-glucose pyrophosphorylase activity. 
Further experiments were carried out to study possible ionic 
effects on the activity increase. Figure 10 demonstrates that the 
time-dependent increase also occurred in an extract prepared from an 
acetone powder of lactating rat mammary gland and in ammonium sulfate 
fractions of an homogenate. 
It was possible that low molecular weight materials had some 
effect on the increase in activity. Therefore, a portion of the 
crude homogenate was passed through Sephadex G-25. As seen in Figure 
11, there was no significant difference in the time course of the 
activity increase between the control (normal homogenate) and the 
effluent from the Sephadex G-25 column. These experiments, therefore, 
suggest that ionic effects or interactions with low molecular weight 
materials were not responsible for the increase in activity. 
pH and Urea Studies 
It was hoped that some condition could be found in which the 
activity of UDP~glucose pyrophosphorylase would remain constant (in-
hibiti.on of the activation without denaturation of the enzyme) while 
retaining the ability to show activation by alteration of the condi-
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Figure 10. UDP-Glucose Pyrophosphorylase Activity in an 
Extract from an Acetone Powder and Ammonium 
Sulfate Fractions, 
A. A-It. , Extract from 0.025 g.acetone powder/2 ml 
homogenizing buffer from mammary gland of 12-day lactating 
rat. Incubation was at 0° and relative activity 1.0 = 
0.29 units/ g tissue. 
B. Ammonium sulfate fractions from mammary extract 
of 1 g tissue/20 ml homogenizing buffer from 20-day lac-
tating rat. I - I, Control, relative activity 1.0'= 5.16 
units/g tissue;~ - i, 0-30% ammonium sulfate supernatant, 
relative activity 1.0 = 2.32 units/g tissue; 0 - O, 30-50% 
ammonium sulfate precipitate, relative activity 1.0 = 
5,01 units/g tissue. Incubations were at 24°. 
10 20 
Hours 
Figure 11. UDP-Glucose Pyrophosphorylase Activity in 
Effluents from a Sephadex G-25 Column. 
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A 5 ... n,.l aliquot of the37,000 x g supernatant solution 
of the mammary homogenate (1 g/10 ml) from a 16-day lacta-
ting rat was applied to a 2 x 20 cm Sephadex G-25 column 
and was eluted with the homogenizing buffer. The fractions 
from the · protein peak wer·e pooled and the absorbance of the 
el~ate at 280 mµ. was measured. A diluted control was pre-
pared in which a portion of the control homogenate was 
diluted to an absorbance at 280 mµ. equivalent to that of. 
the eluate. 0 - O, Normal homogenate; • - ., eluate from 
G-25 column; D -O, diluted control. 
pH of the extract was studied. Figure 12 presents the increase in 
activity of UDP-glucose pyrophosphorylase as a function of pH. At 
pH's 7.5 to 9.0 no significant difference occurred; the activation 
progressed according to the normally observed time course. At pH 
6.2 no significant increase in activity was observed and the activity 
remained relatively constant. Other experiments have shown that the 
activity may increase slightly or remain relatively constant between 
pH 5.5 and 6.5 although this may vary somewhat with different experi-
ments. At pH 5.0 there was a slight initial increase which rapidly 
declined. 
Several other experiments were performed in an attempt to reverse 
the inhibition of activation by pH's below 6.o. Figure 13 presents 
the results of incubating the extract at pH 5.5 for increasing periods 
of time and then readjusting the pH of the extract to 7.1 (the pH of 
the control). No reversal of the inactivation was observed, and the 
final level of activity was proportional to the length of time the 
extract was at pH 5.5. Several attempts in other experiments were 
made to reverse the inhibition of the activation at low pH's but none 
were successful. 
As seen in Figure 8, 4 !! urea prevents the increase in pyrophos-
phorylase activity. A concentration of urea was sought at which the 
activation could be retarded so that the initial activity remained 
constant. The effect of varying concentrations of urea on the in-
crease in activity is seen in Figure 14. This experiment indicates 
that 0.5 ~ to 4 !! urea progressively inhibits both the extent of 






















Figure 12. Activity of UDP-Glucose Pyrophosphorylase as a 
Function of pH. 
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An aliquot of the extract was diluted with an equal 
volume of the indicated buffer and maintained at 24°: 0.2 M 
glycine, pH 9.0 (0 • O); 0,2 M Tris-HCl, pH 8.0 (• - I); 0:-15 
M KCl, O.OQ5 M MgCl2, 0.005 M-EDTA, pH 7.5 (homogenizing 
buffer), (0_-0); 0.2 M potassium phosphate, pH 6.2 (•-•); 
and 0.2 M sQdium acetate, pH 5.0, (A-A). The extract at 
pH 6.2 w"is 1 g tissue/20 ml homogenizing buffer from a 19-
day lactating rat (relative activity 1.0 = 2.63 units/g 
tissue); the extract at the other pH's was 1 g tissue/lo ml 
homogenizing buffe·r from a rat lactating 7 days (relative 
























Figure 13. UDP-Glucose Pyrophosphorylase Activity at pH 
5 .5 for Differ~nt Extents of Time. 
A portion.of the extract (1 g tissue from 20-day 
lactating rat/10 ml of homogenizing buffer) was adjusted 
to pH 5.5 for the indicated period of time, and then the 
pH was readjusted to 7.1. (1 - 1), Control, pH 7.l; 
(0 - o), pH 5.5 for 15 min; (•-•), pH 5.5 for 1 hr; 
(0-0), pH 5.5 for 2 hr; (A-A), pH was maintained at 
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Figure 14. Effect of Urea Concentration on the Activity 
of UDP-Glucose Pyrophosphorylase. 
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The extract (1 g tissue/20 ml of homogenizing buffer) 
was prepared from the mannnary gland of an 11-day lactating 
rat. (1 - 1), Control, no urea added; (0 - 0), 0.5 M urea; 
(•-m), 1 M urea; (D-0), 2.5 M urea; (A-A), 4 Murea. 
The extracts were maintained at 24°, and relative activity 
.LO= 5.91 units/g tissue. 
reverse the effects of urea also were not successful. That is, the 
enzymatic activity of an extract made 4 Min urea and innnediately 
sieved through Sephadex G-25 to remove the urea did not increase as 
did the control to which no urea was added. Chromatography of the 
extract on Sephadex G-25 was previously shown not to inhibit the acti-
vation (Figure 11). Apparently the effects of both low pH and high 
urea concentrations to inhibit the increase in UDP-glucose pyrophos-
phorylase'activity can not be easily reversed, 
K and Molecular Weight Studies 
The increase in activity might be due to an alteration in the 
structure of the enzyme. Consequently, K and sucrose density grad-
m 
ient studies were carried out on initial extracts and on extracts 
after incubation. Figure 15 presents the double reciprocal plot (110) 
for the determination of the K of UTP for UDP-glucose pyrophosphory-
m 
lase in the initial extract (zero time) and after incubation at 24° 
for 10 hours, There was no significant difference in K between the 
m 
values obtained at zero time and after activation. The value of the 
K for UTP is approximately 2.1 x 10-4 ~· During the course of the 
m 
l 
investigation for the Km' UDP-glucose pyrophosphorylase was found sub-
ject to potent substrate inhibition by levels of UTP higher than 0.2 
mM. (The concentration of UTP in the standard assay (24) determined 
;for bovine UDP-glucose pyrophosphorylase is LO ~). Perhaps the 
increase in the activity was due to some change in the enzyme toward 
the substrate inhibition by UTP. However, investigation of the acti~ 













Figure 15. Lineweaver-Burk Plot for UDP-Glucose Pyrophos-
phorylase Activity at Zero Time and after In-
cubation at 24°. 
Homogenate (0.5 g tissue/lo ml homogenizing buffer) was 
prepared from a 14-day lactating rat, (0 - 0), Zero-time 
values; (1 - 1), values obtained after 10-hr incubation, The 
K at zero time was 2.3 x 10-4 Mand at 10 hr was 1.9 x 10-4 
M~ 
69 
that activation also occurred with all levels of UTP used, even when 
the UTP concentration was not inhibitory. Thus, the increase in 
activity does not appear to be due to a loss of substrate inhibition 
by UTP. 
Another possible mechanism for the increase in activity could be 
a molecular weight change as would occur with the aggregation or dis-
aggregation of subunits. Therefore, sucrose density gradient studies 
were performed to determine if there was a change in molecular weight 
of the enzyme. Figure 16 illustrates the pattern of enzymatic acti-
vity from centrifugation of a portion of the extract in a 5-20% linear 
sucrose gradient at zero time and after 13 hours incubation at 24°. 
The results of this experiment indicate that the enzymatic activity 
of UDP-glucose pyrophosphorylase before and after incubation was 
found in the same area of the sucrose gradient when centrifuged under 
identical conditions. Therefore, the activation process of the enzyme 
does not occur by a marked molecular weight change of the active 
enzyme to another species which has activity. 
In summary, the time-dependent increase in activity of UDP-glu-
case pyrophosphorylase upon incubation most probably occurs by a pro-
cess involving protein interactions or by a slow modification of the 
protein structure of the enzyme which does not affect the molecular 
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Figure 16. UDP-Glucose Pyrophosphorylase 
Activity in Sucrose Density 
Gradient. 
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The gradient (5-20% sucrose) were .cen-
trifuged at 65,000 r.p.m. for 1.5 hr at 4° 
in SW-65 Rotor. 0.1 ml of homogenate (lg/ 
10 ml) of 12-day lactating rat mammary gland 
was layered onto the sucrose gradients which 
also contained 0.15 M KCl, 0.005 M MgCl2, 
0.005 ~ EDTA, pH 7.5-: (0 - o), A;tivity 
from extract at zero time, 1.03 units/g 
tissue; (1 - 1), activity from extract after 
incubation at 24° for 13 hr, 2.52 units/g 
tissue. 
CHAPTER V 
CRITICAL EVALUATION OF THE ASSAY FOR LACTOSE SYNTHETASE 
Experimental Procedure 
Spectrophotometric Assay for Lactose Synthetase 
Lactose synthetase activity may be measured by the incorporation 
.assay as described in Chapter III, or by coupling the UDP formed to 
the oxidation of NADH via the reactions of nucleoside diphosphokinase 
(EC 2,7,4,6), pyruvate kinase (EC 2.7,1,40), and lactic dehydrogenase 
(EC Ll.1.27) (8). The reagents used to measure the formation of UDP 
were 0.15 ~ NADH, 1.0 ~ phosphoenolpyruvate (PEP), and 0,05 ml of a 
1 to 10 dilution of pyruvate kinase (Sigma Chemical Co., Type I, 25 
mg protein/ml and 2.4 international units of pyruvate kinase/mg pro-
tein). This commercial preparation of pyruvate kinase also contains 
the nucleoside diphosphate kinase and lactic dehydrogenase for coup-
ling of UDP formation to NADH oxidation. For a stock solution the 
NADH and PEP were dissolved in 2 m.M NaOH. 
Preparation of Homogenates 
In general, the homogenation procedure for preparing the tissue 
extracts was the same as described in Chapter III. There were some 
differences in centrifugation speeds, but the majority of the experi-
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memts dealing with the development of the assay for lactose synthe-
tase in rat mammary gland homogenates were performed with the super-
natant solution obtained from centrifugation at 1,000 xg for 10 min. 
After centrifugation, these extracts were filtered through glass wool 
to remove fat. 
Particles from rabbit mucosa were prepared by the method of 
Ziderman !:.!. al. (111). The opossum, guinea pig, and hamster extracts 
were prepared as described above, The assays for UDP-galactose 
galactosyl transferase activity of the bat mammary tissue represent 
the sum of activities assayed in the 10,000 xg supernatant solution 
and precipitate. 
Materials 
N-Acetylglucosamine, NADH, PEP, glycylglycine, and pyruvate 
kinase (Type I) were purchased from Sigma Chemical Co. Hepes (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer was from Cal-
biochem Laboratories and Tween 80 was from Mann Rese.arch Laboratories. 
The purified bovine A protein was isolated as previously described 
(112) and a flow diagram of the purification is shown in Figure 17. 
B protein (a-lactalbumin) was prepared through Step 5 of the method 
of Brodbeck !:_! .!!:,, (8). 
All other expe.rimental procedures and chemicals were described in 
Chapter III. 
Skim Milk 
Caaein Precipitation t pH 4.6 with 2 N l!Cl 
Ammonium Sulfate Fr!ctionation - 37-50% 
t Mannex-phosphate Chromatography 
t Calcilllll Phosphate Gel - negative adsorption 
t 
Anunonium Sulfate Precipitation - 65% 
t 
Hydroxyapatite Chromatography - stepwise elution (HA1 ) 
t H.ydroxyapatite Chromatography - continuous gradient (HAU) 
DE<\E-Cellulose Chrclatography - (DE<\E) 
Figure 17. Flow Diagram of the Purification Procedure 
of the A Protein 
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Results 
The Lactose Synthetase Assay and Associated Problems 
As previously discussed, lactose synthetase catalyzes the ter-
minal step of lactose biosynthesis: 
A, B 
1) UDP-galactose + glucose --M--n++ ........->~ lactose+ UDP 
This reaction requires two proteins (A and B) and Mn++ for signifi-
cant activity (8). The A protein in the absence of added B protein 
catalyzes the formation of N-acetyllactosamine when N-acetylglucos-
amine is substituted for glucose in the reaction (34): 
2) UDP-galactose + N-acetylglucosamine ~ N-acetyllactosamine 
+ UDP 
The synthesis of N-acetyllactosamine with N-acetylglucosamine as the 
substrate and no added B protein is designated the A-protein activity 
(Reaction 2). Assay for lactose synthesis in the. presence of glucose 
with or without added Bis designated as LSA activity (Reaction 1). 
Activity for the B protein with excess A protein and glucose would 
then be LSB activity (Reaction 1). The units of A protein were deter-
mined with the LSA assay and one unit is defined as that amount of A 
protein which catalyzes the formation of 1 mµmole of lactose per min 
under the defined assay conditions. Any designation of units of LSA 
activity is accompanied with the assay conditions in which the units 
were determined. 
Generally, the assay for one protein component of a two-protein 
enzymatic system is performed by using saturating amounts of the 
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se.cond or counte.r-part protein, This technique has bee.n used to assay 
the separate proteins of the enzymes requiring two proteins (56-84) 
including the lactose synthetase A and B proteins (8,34,46). However, 
the.re are no reported detailed investigations of assays of this type, 
Two assay procedures may be use.d for lactose synthetase. The 
incorporation assay as previously described measures the conversion 
of UDP-galactose-14c-(galactose-U- 14C) into lactose-14c. The spectro-
photometric assay measures UDP formation in the lactose synthetase 
reaction by determining the oxidation of NADH using nucleoside di-
phosphokinase, pyruvate kinase., and lactate dehydrogenase, The 
spectrophotometric assay is more convenient since it is more rapid 
than the incorporation assay and does not require radioisotopic tech-
niques, This assay, however, is limited to partially purified systems 
because interfering enzymes in crude preparations catalyze endogenous 
oxidation of the NADH. For crude systems the incorporation assay 
must be used. 
The original assay for lactose synthetase was developed by Hassid 
and coworkers (9,21) before it was known that the. enzyme required two 
nonidentical proteins, Basically this assay was adopted by Brodbeck 
and Ebner (8) in their investigations with the modification that 
"saturating" levels of A protein were used to assay low levels of B 
protein and vice versa. These original assay conditions which are. 
designated Assay System I included 20 ~ MnC12 , 0.25 ~ UDP~galactose, 
and 20 ~ glucose. The A .protein was dissolved in 2.0 ~ Tris-HCl, pH 
7.4 so that the final Tris concentration in the assay was about 2 mM· 
The B concentration was usually 100 µ,g/ml. 
..., ,. 
{O 
Questions arose concerning the values for saturating concentra-
tions of the B protein in the LSA assay and results of experiments to 
determine these values are presented in Figure 18. This figure shows 
the investigation of the activity of the A protein (LSA assay) at 
several levels of B protein in the spectrophotometric assay under 
initial assay conditions (Assay System I). Two important observations 
are present in this figure: 1) linearity may be observed with respect 
to A concentration even though the level of Bis not saturating and 
hence activity is not maximum; 2) higher levels of Bare inhibitory 
though the assay is still linear (a criterion of a functional enzy-
matic assay). Maximum LSA activity was found with 200 µg B/ml. 
Further difficulties with the original assay system were found 
when attempts were made to determine saturation values of B for dif-
ferent amounts of the A protein in the. incorporation assay. The re-
sults were expected to be similar to those presented in Figure 18 with 
the spectrophotometric assay. That is, there should be a linear re-
sponse be.tween the amount of A protein and rate at varying but con= 
stant levels of B protein. However, the data presented in Figure 19 
demonstrate that this was not observed.. At one level of B (0.05 mg), 
an S-shaped curve was found instead of linearity, At a level of B 10 
times greater (0.50 mg), the plot is line.ar but also shows linear in-
hibitions at the higher amounts of A as previously found in the 
spectrophotometric assay (Figure 18). With 25 times the level of B 
(1.25 mg), the activity is further inhibited in a line.ar manne.r. The 

















500 µg B 
( 
20 µg B 
Spectrophotometric Assay for LSA Activity 
(Bovine) at Several Levels of-B.:Protein 
(Bovine). 
Assay conditions: A-protein off Mannex-P, dis~ 
solved in 20 niM Tri.s-HCl, pH 7 .4; 20 niM MnC12 ; 20 mM 
glucose; and 0:-25 mM UDP-,galactose. ,-_ I, 20 µg B7 
ml; 0 - O, 100 µg B7ml; It - 19, 200 µg B/ml; 8 -• , 
500 µg B/ml; and D-D, 1, 000 µ,g B/ml. 
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1.5 
•-e 0.05 mg B 
o---o o.50mgB 
()---G 1.25 mg B 
1.0 
O c: . .) 
200 400 600 800 
µg A-Protein 
Figure 19. Incorporation Assay for LSA at Three Levels of B 
Protein, 
Assa.y conditions: .50 mM Tris-HCl, pH7.2; .5 mMATP; 20 
niM MnC12 ; 20 mM glucose; and 0.62 mM IJDP-galactose."'.:'Hc. The 
f!'i.nal volume ... ,ias 0. 1 ml. IncubaUo;;'. time was 20 mi.n at 37 ° 
with a preincubation of 60 min before UDP-galactose- 14C was 
added. 1~he A prot8in was off Mannex~P. I - I, 0.05 mg B 
protein per assay; 0 ·~ O, O. 50 mg B; and () - i&, 1.2.5 mg B. 
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Furthermore, the specific activity of the. B protein of lactose 
synthetase had increased from 150 to 1,000 mµmoles/min/mg protein at 
20° as a more purified A protein was used in the assay for the B pro-
tein (10). The higher specific activity was obtained with a higher 
A/B ratio. Thus, the assay for lactose synthetase required a 
thorough investigation. 
Investigation of the Assay for LS, and A-Protein Activities with 
1.t 
Purified Bovine Proteins 
The initial attempts to redefine the assay conditions were under-
taken with the spectrophotometric assay, The approach taken was to 
establish optimal conditions with purified bovine A and B proteins 
in the spectrophotometric assay and then return to the incorporation 
assay to examine assay conditions in the crude systems. 
There were five parameters which required investigation for 
maximum lactose synthe.tase activity: buffer and pH; metal i.on concen-
tration; concentrations of the substrates, UDP-galactose and glucose; 
and the ratio of B prot:e.i.n to A protein. 
The first paramete.r i.nvestigated was the buffer-pH optimmn but 
it wa.s $Oon discovered that buffer, pH, and metal concentrati.on were 
intimately rela.te.d in. the assay. That is, 50 t~ T:r.i.s=HCl pre.cipit:a.t<?.d 
and hastened the oxidation of Mn++ at pH's gre.ater than 8. Eve.n at 
pH 7 .5, 50 ~ Tris inhibite.d lactose synthetase activity about 30% 
compare.d with Hepes buffer. With a combination buffer of Hepes,-gly-
cylglyci.ne., the. pH optimum was dctE;.rmined to be at pH 8.0 and 50 mM 
glycylglycine was chosen as the buffer for the assay. 
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The rapid precipitation and apparent oxidation of Mn++ which 
occurred in the presence of Tris was not observed in the presence of , 
glycylglycine. However, apparent oxidation of the Mn++ accompanied by 
a brownish color did occur after standing 10-15 min. In .order to 
minimize the oxidation of Mri++ which is known to occur at alkaline 
pH's (113), the MnC12 was added to the cuvette just prior to starting 
the reaction with the substrates. This procedure resulted in an 
optimum concentration of 6 m!:! MnC12 • Previous work by Babad and 
Hassid (9) indicated 13.3 m!:!• 
With certain preparations of pyruvate kinase endogenous NADH 
oxidase activity prevented an accurate determination of the rate of 
UDP formation. This oxidase activity was somewhat inhibited by MnC12 
and was minimize.a by making a new blank for each assay or by omitting 
the pyruvate kinase from the blank cuvette since the oxidase activity 
did not appear for at least 10 min. In e.ither case the pyruvate 
kinase was added just prior to adding substrate, 
After conditions of 50 n!! glycylglycine, pH 8.0 and 6 ~ Mn++ 
were chose.n, the K values for UDP-galactose and glucose. were investi-
m 
gated. Conditions were sought so that the requirements for UDP-
galactose would be minimize.cl while retaining maximum enzymati.c acti-
vity. However, the Lineweaver-Burk plots obtained did not yield re-
produci.ble values for the K of UDP-galactose. Thus, to obtain an 
m 
optimum UDP-galactose concentration, the enzymatic activity as a 
function of UDP-galactose concentration was de.termined. o.4 rriM UDP-
galactose was found to be saturating at about 20 and 4.o n!! glucose 
(Figure 20) and this UDP-gala.ctose concentration was used in the 
standard assay. 








0.1 0.2 o.4 
mM UDP-Galactose 
Figure 20. Saturation Curve of UDP-Galactose. 
Assay conditions: 50 mM glycylglycine, pH8.0; 6 mM 
MnC12 ; 200 µg B protein/ml;-, -.1, 40 ~ glucose; and -
o - O, 20 ~ glucose. A protein (A-3) was from BA.11 • 
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Similarly the enzymatic rate was determined as a function of glu-
cose concentration. On the basis of the data with 0.4 ~ UDP-galac-
tose in Figure 21 the glucose concentration for the assay was set at 
50 ~· At this point the optimum pH and manganous ion concentration 
were determined again and further adjusted to pH 8.5 and 5 ~ MnC12 • 
The assay conditions at that time (50 ~ glycylglycine, pH 8.5; 
5 ~ MnC12 ; 50 ~ glucose; and 0.4 ~ UDP-galactose) were then used 
to examine the saturation levels of B protein. These results, pre-
sented in Figure 22, indicated that the optimum B concentration was 
again 200 µg B/ml. Furthermore, the previously observed inhibition 
of activity with high levels of B protein was diminished. Thus, the 
optimal assay conditions after this evaluation were 50 JD!! glycylgly-
cine, pH 8.5; 5 ~ MnCl2; 50 ~ UDP-galactose; and 200 µg B/ml. These 
conditions are designated Assay System II. 
Nonlinearity and sigmoidal curves were previously observed for 
increasing A concentrations in the incorporation assay (Figure 19). 
At that time the reaction mixtures were incubated usually for 60 min 
or for 20 min plus a prior inc4bation before UDP-gaiactose- 14C was 
added. However, when the concentration of enzyme was increased and 
the incubation period shortened and the prior incubation omitted, the 
S-shaped curves were eliminated and a linear response of activity to 
concentration of A protein was obtained. Figure 23 is a plot of 
lactose synthesized~· time for two levels of A protein determined 
with Assay System II. This plot indicates that the incorporation of 
14 c into lactose is linear with time from 2 to 5 min for both levels 































Figure 21. Dependence of LSA Assay on .Glucose 
Concentration. 
Assay conditions: 50 mM glycylglycine, pH 
8.0; 6 mM MtiC12 ; o.4 mM UDP:-galactose; I - I, 
200 µg B7ml; and O - o-; 50 µg B/ml. A protein 
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Figure 22. Spectrophotometric Assay for A Protein with 
Several Levels of B Protein after Re-
evaluation. 
Assay conditions: 50 ~ glycylglycine, pH 8.5; 60 
mM glucose, 5 mM UDP-galactose; 5 niM MnC12 , and 5-21 µg 
A""':.5 (oft DEAE-cellulose). 0 - O, 20 µg B/ml; I - I, 















30 -0- -0- 5.26 µg A 






/ / / -------. 
/0 ------- • / . 




"""""'-. ~. _ __.. ___ __,.. _ _._ ___ -_...._ ____ _,_ ____ __. 
1 2 3 4 5 
Minutes 
figure 23. Linearity of LSA Assay (Incorporation) with Time. 
Assay conditions: 50 mM glycylglycine, pH 8. 5; 5 mM • 
MnCl~; 0.68 ~ UDP-galactose; 50 ~ glucose; 200 µg B/i1;1.l. 
I - I, 2.63·µg A protein (A-5, off DEAE-cellulose) and 
0 - O, 5.26 µg A protein. 
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A plot of enzyme units (mµmoles lactose/min incubation)"'!§.. µg A 
· protein in Figure 24 indicates that linearity to at least 4 units of 
activity was obtained with a 4-min incubation time. Similar plots 
were obtained with several different levels of B protein. Therefore, 
the sigmoidal curves previously observed were eliminated. 
With Assay System ir a series of kinetic experiments were per-
formed. Figure 25 shows the optimum UDP-galactose concentration in 
the LSA assay at several glucose concentrations. These plots indicate 
that UDP-galactose was saturating at 0.4 mM. Furthermore, the glu-
cose concentration did not affect the saturation level for UDP-galac-
tose although the glucose concentration did affect the maximum rate. 
Lineweaver-Burk plots were made of these data and other similar data, 
but no distinction between ordered or ping-pong reaction.mechanisms 
could be made (114). 
Similarly, an investigation of the effect of B protein concentra-
tion on the saturation value for UDP-galactose was carried out at 20 
m!:! glucose (Figure 26). Thus, the concentration.of B protein in the 
assay did not significantly affect the optimum UDP-galactose concen-
tration although 200 µg B/ml resulted in increased activity over 
50 µg B/ml. 
Conversely, similar studies of the effects of UDP-galactose and 
B protein concentrations on the optimum glucose concentration were 
performed. The data in Figure 27 indicate that 0.1 mM to o.4 mM UDP-
galactose did not alter the optimum glucose concentration (20 m!:!) 
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Figure 24. Linearity of the Incorporation Assay for LSA. 
Assay conditions: 50 niM glycylglycine, pH 8.5; 5 mM 
MnCl2; o.68 ~ UDP-galacto~e; 50 ~ glucose; 200 µ.g B/mT; 
and incubation time, 4 minutes. A protein (A-5) is off 
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Figure 25. Optimum UDP.Ga\actose Concentration in LSA 
Assay (Spectrophotometric) at a Variety 
of Giucose Concentrations. 
Assay conditions: 5 mM glycylglycine, pH 8.5; 5 mM 
MnCl~; and 200 µg B/ml. A-protein was from HA1 chroma:-
tography (A~7). Glucose concentrations: I - I, 10 mM; 
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Figure 26. UDP-Galactose Optimtm1 in LSA Assay (Spectro-
photometric) at Two Levels of B Protein. 
Assay conditions: 50 mM glycylglycine, pH ~.5; 5 niM 
MnCla; and 20 m.!:! glucose, A protein was from HA1 (A-7f-; 
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Figure 27. Optimum Glucqse Concentration for 
LSA Assay at Several ~evels of 
lJIYP-Galactose. 
Assay conditions: 50 mM glycylglycine, pH 
8,5; 5 mM MnCl2; and 200 µg~B protein/ml. A 
protein 1A-7) was from HAI. UDP-galactose con-
centration: t - t, 0.05 mH; 0 - O, 0.1 mM; 
•-•, 0.2 ~; o-o, o.4-~. -
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However, when the B protein concentration was altered from 50 
µg/ml to 200 µg/ml the optimum.glucose concentration was shifted from 
50 ~ to 20 m!!, respectively (Figure 28). Figure 28 also illustrates 
that the enzymatic activity at 200 µg B/ml and 20 mM glucose is 
greater than.at 50 µg B/ml and 50 m!! glucose. The B protein, there-
fore, affects the glucose concentration at which maximum LSA activity 
, occurs and also functions in .a saturating manner (Figure 22) to alter 
enzymatic activity. 
The Lineweaver-Burk plots for glucose at the two levels of Band 
0.4 ~ UDP-galactose are presented in Figure 29. These plots yield 
values of the K for glucose at 50 µg B/ml and 200 µg B/ml of 15 .4 tn!! .m 
and 5 ~' respectively. Similar effect of the B concentration on the 
K for glucose was found with other levels of UDP-galactose. These m . . 
results are: o.o~ m!:! UDP-galactose - 33 ~ (50 µg B/ml) and 4 ~ 
(200 µg B/ml); 0.1 ~ UDP-galactose - 11 ~ (50 µg B/ml) and 3 m!! 
(200 µg B/ml); and 0.2 m!:! UDP-galactose - 14 ~ (50 µg B/ml) and 4 ~ 
(200 µg B/ml). These plots also clearly demonstrate the marked sub-
strate inhibition of enzymatic activity by glucose. 
Previously, differences were observed in the glucose optima even 
though the experiments were performed with the same B protein concen-
tration. These differences were due to the preparation of the A pro-
tein used in the experiments (Figure 30). This f,igure presents the 
effect of glucose concentration on the enzymatic activity of three 
t-protein preparations from different steps of the purification pro-
cedure (See Figure 17). As the A protein was purified - from the 

















Figure 28. Glucose Optimum in LSA Assay with 
Two B-Protein Concentrations. 
Assay Conditions: 50 mM glycylglycine, 
pH 8.5; 5 mM MnCla; and 0.4 mM UDP-galactose. 
A-protein was from HA1 (A-7) .- t - t, 50 µg B/ 
ml a,nd O - O, 200 µg B/ml. 
o.4 
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Figure 29, Lineweaver-Burk Plot for Glucose at 50 µg and 
200 µg B Protein/mi. 
Data afe derived from Figure 28. I - I, 50 µg B/ml; 
0 - 0, 200 µg B/ml. The K for 50 µg B was 15,4 mM and for 
200 µg B was 5 ~· UDP-ga,actose was o.4 in!:!· Similar dif-
ferences in K were observed with other levels of UDP-galac-
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Figure 30. Glucose Optimum for Different Purification Steps 
of A protein. 
0 - O, A-7, from HAI - assayed with 50 1:1!! glycylglycine, 
pH 8. 5; 5 m_!:! MnC12 ; o.4 ~ UDP-galactose; a,nd 200 µg B/ml. 
t - I, A-3~ from HAI - assayed with 50 1:1!! 'glycylglycine, 
pH 8.0; 6 m!1 MnC12 ; 0.25 m!:f UDf-galactose; and 200 µg B/ml. 
•~II, A-5, from DEAE - assayed with 50 m!:f glycylglycine, 
pH 8.0; 6 mM MnC12 ; o.4 mM UDP~galactose; and 200 µg B/ml. - -
95 
chromatography (HA11) to DEAE-cellulose chromatography (DEAE) - the 
concentration of glucose for maximum activity increased and the-sub-
strate inhibition by glucose diminished. The difference is probably 
not due to assay conditions since the UDP-galactose concentration did 
not affect the optimum glucose concentration (Figure 27) and other 
differences in the assay were minor. Furthermore, several A-protein 
.preparations from different stages of purification which were assayed 
for maximum activity as a function of glucose concentration exhibited 
the same pattern of glucose optimum corresponding to the step of puri-
fication as illustrated in Figure 30. This was observed even while 
the assay was being developed and slight modifications to the assay 
were being made. 
The A protein was.stored at -10° and the_ glucose opti1,11um was 
determined after two weeks for one preparation and after two months 
for another preparation. However, no alteration of the glucose 
optimum was observed within any one preparation of A protein. Thus, 
these experiments suggest that the optimum concentration of glucose 
in the LSA assay depends on the concentration of the B protein in the 
assay and on the purity of the A protein. 
Since the optimal conditions were not all determined with the 
same A prot~in, the assay parameters were reexamined with .A protein 
from the same step of purification (from HA1). Also, the optima 
were examined for the assay of A-protein activity sinc.e no thorough 
investigation of this assay had yet been performed. Figure 31 illus-
trates the pH optima for LSA activity (25 mt! glucose and 200 µg B/ml) 
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Figure 31. pH Optimum for LSA and A-Protein Assays. 
I - I, LS assay: 50 mM glycylglycine, 5 mM 
MnC12 , 0.4 mM fu)P-galactose: 50 m!'! glucose, 200-µg B/ 
ml and A-3 (off HAI ) , O - O, LS assay: 50 l'\1M gly-
cylglycine, 5 mM MnC12 , 0.4 mM UD~-galactose, 25 mM 
glucose, 200 µg-B/ml, and A-10 (off HA ). •-•, A.-
protein assay: 50 mM glycylglycine, 5 @M MnC12 , 0.4 
mM UDP-galactose, 25 mM N-acetylglucosamine, and A 
from HAI, -
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ties have a broad pH optimum between pH's 8.0 and 9.5 though the A-
protein has slightly more activity at the acid side. The A-protein 
activity shows slightly more activity at pH 9.0 but pH 8.5 was chosen 
for future assays to minimize oxidation of Mn+;- which occurs at higher 
pH's. The optimum MnC12 concentration was determined to be 5 m!! for 
both assays and the data are presented in Figure 32. 
Figure 33 indicates that UDP-galactose becomes saturating in the 
assay for both LSA and A-protein activity at o.4 m!!· In Figure 34 
the glucose/N-acetylgluco~amine optima for the LSA activity and the 
A-protein activity are 20 to 30 m!!· Substrate concentration of 25 mM 
was chosen for both activities in the standard assay. 
The effect of B protein on the assays is presented in Figure 35 •. 
The B protein is saturating in the LSA assay (13 units) at 200 µg/ml. 
In the A-protein assay, however, the B protein inhibits A-protein 
activity (12 units) 100% with 100 µg/ml and inhibits 50% with 5~ µg/ml. 
After the development of Assay System II this system was used to 
assay UDP-galactose galactosyl transferase activity in certain tissues. 
It was recognized that the conditions had not been completely opti".-
mized for each enzymatic source. Nevertheless, the qualitative re-
sults were considered significant, Table III indicates that lactose 
synthetase and A-protein activities are present in homogenates of 
opossum, hamster, and bat mammary glands. Rabbit gastric m~cosal 
particles synthesized lactose only after addition of B protein al-
though some N-acetyllactosamine synthesis was observed. The guinea 
pig mammary gland was most unusual in that the absence of glucose or 
N-acetylglucosamine in a reaction incubation (normally used as an 
















Figure 32. Optimum Mn++ Concentration for LSA ~nd A-Protein 
Assays. 
I - I, LSA assay; 50 ~ glycylglycine, pH 8.?; 0.4 ~ 
UDP-galactose; 25 ~ glucose; 200 µg B/ml; and A-10 (from 
HA). 0 - 0, A-p~otein assay: 50 mM glycylglycine, pH 8.5; 
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Figure 33. Optimum UDP-Galactose Concentration for LSA and 
A-Protein Assays. 
I - 0, LS assay: 50 rnM glycylglycine, pH 8.5; 5 rnM 
MnC12 ; 25 rnM g1ucose; 200 µg B; and A-10 (from HA ). 0-- 0, 
A-protein assay: 50 ~ glycylglycine, pH 8.5; 5 ~ MnCl2; 
25 ~ N-acetylglucosamine; and A-10. The curve represents 
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Figure 34. Substrate (Glucose/N-Acetylglucos-
amine) Optima for LSA and A-Protein 
Assays. · 
I - I, LSA assay: 50 ~ glycylglycine, pH 
8.5; 5 ~ MnC12 ; o.4 mM UDP-galactose; 200 µg B/ 
ml; and A-10 (from HA{)· 0 - O, A-protein assay: 
. 50 ~ glycylglycine, pH 8.5; 5 ~ MnC12 ; o.4 ~ 
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0 - 0, LSA activity (J:'ate vs B concentration): 
50 ~ glycylglycine, pH 8.5; 5 ~ MnC12 ; 0.4 ~ UDP-
galactose; 25 mM glucose; and 13 units of A from · 
HAI. I - I, A-protein activity (percent inhibiti.on 
vs. B concentration): 50 mM glycylglycine, pH 8. 5; 5 
~ MnCl2; 0.4 ~ UDP-g~l~ctose; 25 ~ N-acetylglucos-


















GALACTOSYL TRANSFERASE ACTIVI'l'IES IN A 
VARiETY OF TISSµES 
-B 
102 
+B r200 gg/ml2 
Source Substrate (units/g tissue) 
Rabbit Gastric Muco•al 
Particles 
Opossum Manunary Gland 
Guinea Pig Mannnary Gland 
Bat Mannnary Gland 
Bat Milk 






































Preparation of homogenates (1 g/5 ml of 0.15 M KCl, 0.005 M MgCl2, 
0.005 M EDTA) was described in Experimental Procedure, Chapter V. The 
incorporation.assay was used. 
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affect the synthesis of either lactose or N .. acetyllactosamine. How-
ever, the effect of B protein on the activities of LSA and A-protein 
produced the effect normally observed - stimulation of lactose syn-
thesis and inhibition of N-acetyllactosamine synthesis. These re-
sults with the guinea pig mammary tissue require further verification 
and investigation. 
Thus, reactions involving the two catalytic activities of the 
A protein require very similar conditions for optimum enzymatic act-
ivity with purified bovine proteins. The optimum conditions for LSA 
activity are 50 mM glycylglycine, pH 8.5; 5 mM MnC12 ; o.4 mM UDP-- - -
galactose; 25 ~ glucose; and 200 µg B/ml. The optimum conditions 
for A-protein activity are identical except for substituting N-ace-
tylglucosamine for glucose at the same concentration and omitting the 
B protein. These conditions are designated Assay System III for LSA 
activity or A-protein activity. However, this system applies only to 
A-protein preparations purified through the first hydroxyapatite 
chromatography step or less. More purified A proteins require higher 
glucose conce~tration for maximum activity. The optimum N-acetylglu-
cosamine concentration with different A-protein preparations was not 
investigated due to a lack of available A protein purified beyond the 
first hydroxyapatite chromatography step. 
Assay for LS~ Activity in Rat Mammary Gland Homogenates 
In preparing to assay for lactose synthetase in rat mammary 
gland tissue the conditions for obtaining maximum LSA activity in 
homogenates of rat mammary gland were investigated using the incor-
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poration assay. Not only were the previously discussed parameters of 
pH, metal concentration, and substrate concentration important but 
also such treatments as sonic oscillation, detergents, and centrifu-
gation were considered. 
Studies by Brodbeck~!!.· (29) indicated the A protein of 
lactose synthetase to be primarily in the microsomal fraction. The 
assays for lactose synthetase presented in Chapter III were indeed 
with the ''microsomal" fraction (sedimenting between 37 ,000 xg and 
100,000 xg). However, preliminary observations suggested that more 
vigorous homogenation of the tissue such as with the Sorvall Omni-
mixer used in these experiments compared with the VirTis homogenizer 
used by Brodbeck~.!.!.· (29) resulted in disruption of the particles 
containing the A protein. An experiment was performed to investigate 
the LSA activity in fractions from centrifugation at 10,000 ~g for 
10 min and.85,000 xg for 120 min. These results are in Table IV and 
indicate that significant LSA activity is found in both the 10,000 
xg precipitate and in the 85,000 xg supernatant solution. Therefore, 
assays using microsomal preparations do not measure the total LSA 
activity but the whole homogertate is required. 
Brodbeck (115) found that anionic detergents such as sodium 
cholate and lauryl sulfijte inhibited lactose synthetase but that the 
non-ionic detergent Tween 80 did not inhibit. Consequently, an in-
vestigation of the.effect of Tween 80.on the LSA activity in crude 
homogenates was carried out. Table V presents the effects of 0.2% 
Tween 80 on the LSA activity of the 1,000 xg supernatant solution .and 
precipitate. The Tween 80 not only increased the total activity of 
TABLE IV 
LSA ACTIVITY IN VARIOUS CEt.1.ULAR.;FRACTIONS 
BASED ON CENTRIFUGATION 
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Fraction Units of Activity 
Crude Homogenate 
10,000 xg for 10 min. 
Supernatant 
Precipitate 








Homogenates (1 g fresh mammary tissue - 14-day lactating rat/10 ml 
of 0.2 M Tris, pH 8.0) was prepared as in Chapter III. Assays were 




EFFECT OF CENTRIFUGATION AND TWEEN 80 ON LSA ACTIVITY 
IN RAT MAMMARY GI.AND HOMOGENATES 
lo6 
Fraction Units of Activity 
TWEEN 80 
Crude Homogep.ate 7490 
1,000 xg Precipitate 233 
1,000 xg Supernatant 7095 
TWEEN 80 
Crude Homogenate 9400 
1,000 xg Precipitate 32 
1,000 xg Supernatant 9745 
Assays were with Assay System III using the incorporation assay. 
Homogenate (1 g frozen ~annnary gland - 18-day lactating rat/10 ml of 
homogenizing buffer) was prepared.as in Chapter III. Centrifugation 
was at 1,000 xg for 10 min. 0.2% Tween 80 was added to the crude 
homogenate as indicated. 
107 
the crude homogenate but also minimized the activity in the 1,000 xg 
precipitate. 
Further experiments with Tween 80 at O.CJ2.%, 0.2%, and 2,0% in-
dicated maximal activity with 0.2%. Table VI shows that when the 
0.2% Tween 80 was added to the homogenizing buffer before homogena-
tion 69% of the activity was destroyed. When the Tween 80 was added 
after the 1,000 xg centrifugation the activity was increased by 77%• 
Brodbeck~!!· (29) indicated that sonic treatment of the par-
ticulate preparation of bovine mammary tissue released the A protein 
.from the particulate fraction. Therefore, sonic oscillation of the 
1,000 xg supernatant solution was performed and the results are pre-
sented in Table VII. This table shows that sonic oscillation of the 
1,000 xg supernatant solution .either with or without Tween 80 did not 
increase the total activity of A protein as measured by the LSA assay. 
Again addition of 0.2% Tween 80 increased the activity in the 1,000 
xg supernatant solution by 49%, 
The mechanism by which Tween 80 increases the activity is not 
known. In some experiments the Tween 80 did not significaqtly 
. "solubilize" the A protein by causing release from the particlllate 
fraction to the soluble fraction. Experiments with purified bovine 
A protein .indicated that the purified bovine A protein is not acti-
vated by Tween 80 in the LSA assay even though Tween 80 does effect 
some increase in activity in a homogenate of fresh;rbovine lactating 
mammary tissue. 
Thus, the ~aximum activity of LSA activity occurred with a 1,000 
xg supernatant solution with 0.2% Tween 80. Sonic oscillation did not 
increase the total LSA activity when assayed with Assay System III, 
TABLE VI 
EFFECT OF. 0.2% TWEEN. ON' LS_A ACTIVITY lN RAT 
MAMMARY GLAND HOMOGENATES 
108 
Treatment Units of Activity 
Normal Extract 
Normal Extract+ 0.2~ Tween 80 added 
after centrifugation 




Homogenates (1 g frozen mammary tissue/lo ml ·of 0,15 ~ KCl, 0.005 
~ MgCl~, and 0.005 ~ EDTA) was prepared as describe4 in Chapter III 
and centrifuged at 1,000 xg for 10 min. Assays were with Assay System 
III by the incorporation assay, 
TABLE VII 
., . EFFECT OF TWEEN 80 AND SONIC OSCILLATION ON LSA 
AC'!'IVITY IN RAT MAMMARY GLAND HOMOGENATE 
109 
Treatment Units of Activity 
Normal Extract 
+ 15 min. oscillation 
+ 30 min. oscillation 
Extract with 0.2% TWEEN 80 added after 
centrifugation 
+ 15 min. oscillation 







Homogenate (1 g/10 ml·homogenizing buffer) was prepared as in 
Chapter III and was centrifuged at 1,000 xg for 10 min. Oscillation 
was in a Raytheon Sonic Oscillator at 0°. Assays were with Assay 
System III by the incorporation assay. 
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A study of the LSA activity was carried out to determine if a 
time-dependent increase in LSA activity occured with incubation as 
was seen with the UDP-glucose pyrophosphorylase and UDP-galactose 4-
epimerase, Figure 36 indicates that no significant change in acti-
vity was observed when the crude homogenage (no centrifugation) of 
lactating rat mammary gland was incubated at 0°, 
Further investigation of the pH, substrate concentrations, and 
B protein requirements were carried out with the supernatant solution 
from 1,000 xg centrifugation containing 0,2% Tween 80 via the incor-
poration assay, The pH optimum for LSA activity was found to be be-
tween 8.5 and 9,5 (Figure 37). For a standard assay pH.9,0 was chosen. 
The data of Figure 38 indicate the optimum MnC12 concentration was 
5 mM. 
The optimum B concentration is presented in Figure 39. With the 
rat mammary homogenate the bovine B requirement increi;lsed to 1 mg/ml 
compared with 0.2 mg/ml in the assay with purified bovine proteins, 
With 1 mg B/ml the glucose optimum was determined to be 25 mt! (Figure 
40). A previous experiment with 0.2 mg B protein/ml resulted in 50 
mt! glucose for maximum activity. Thus, the dependence of the optimum 
glucose concentration on the B protein concentration was observed with 
the rat mammary homogenates as well as with the purified bovine pro-
teins. Figure 41 shows the UDP-galactose concentration to be satur-
ating at o.6 mM. 
UTP inhibition .of the UDP-galactose hydrolase of bovine mammary 
tissue has been reported (21,30). Experiments were therefore carried 
out to assess the effect of UTP and ATP on the standard assay for LSA 
111 
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Figure 36. LSA Activity of a Homogenate Incubated at 0° for 
Various Time Periods. 
(1 - I), 1 g tissue (mammary gland from 14-day lactating 
rat/10 ml of 0.2 M Tris, pH 8.0. (0 - 0), 1. g tissue (frozen 
tissue from aboveJ/10 ml of homogenizing buffer. Assays in 
both. cases were of the crude homogenate (no centrifugation) 




























pH Optimum for LS..A Assay in Lactating Rat 
Manmary Gland a-omogenates. 
Assay conditions: 50 mM glycylglycine; 5 mM MnCl2, 
112 
25 mM glucose, 1 mg B/ml, 074 mM UDP~galactose.T4c, and 
20 µ.l of the homogenate (200 ms7"m1 of homogenizing buffer) 



















FigQre 38. Optimum MnC12 Concentration for LSA 
Assay in Lactating Rat Mammary 
Gland Homogenate. 
Assay conditions: 50 mM glyc,:ylglycine, pH 
9.0; 0.4 mM UDP-galactose- 14C; 25 mM glucose; 
1 mg B protein/ ml ; and 20 µ. l of thehomogena te 
(200 :mg tissue/ml of hOJnogenizing buffer) after 
1,000 xg centrifugation. The incorporation 























Figure 39. Optimum B Protein Concentration for LSA 
Assay in Lactating Rat Mammary Gland 
Homogenates. 
Assay conditions: 50 mM glycylglycine, pH 9.0; 5 
mM MnC12 ; 25 mM glucose; 0.4 mM UDP-galactose- 14C; 1 
mg B/ml and 20-µl of the homogenate (200 µg/ml homo-
genizing buffer) after 1,000 xg centrifugation. The 
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Figure 40. Glucose Optim~m for LSA Assay in Lactating Rat 
Mammary Gland Homogenate, 
Assay conditions: 50 mM glycylglycine, pH 9,0; 5 ~ 
MnC12 ; O. 4 ~ UDP-galactose:'14C; 1 mg B/ml; and 20 µ.l of 
the homogenate (200 mg/ml of homogenizing buffer) after 


























Figure 41. Optimum UDP-Galactose Concentration 
in LSA Assay of Rat Mammary Homo-
genate. 
Assay conditions: 50 ~ glycylglycine, pH 
9,0; 5 ~ MnCl2; 1 mg B/ml; 25 ~ glucose; and 
20 µl of rat mammary gland homogenate (400 m,g/ 
ml of homogenizing buffer) after 1,000 xg cen-





activity in rat mammary tissue, However, these compounds even at 1 
mM concentration not only did not increase the LSA activity but tended 
to inhibit, Consequently, ATP and UTP were not included in the stan-
dard assay, 
The limits of linearity of the assay for LSA activity is present-
ed in Figure 42. This figure indicates the rate (mµmoles lactose/min 
incubation) is proportional to the amount of the extract in.the assay 
up to 3 mµmoles lactose/min incubation. 
Thus, the assays for LSA activity and A-protein activity have 
been reevaluated with purified bovine A and B proteins in the spectro-
photometric assay, The conditions in the assay of both activities 
were nearly identical except for the substitution of substrates; 
these conditions were designated Assay System III, The conditions 
for obtaining maximum LSA activity in homogenates of rat mammary 
tissue have been developed using the:· incorporation .assay, The assay 
conditions for the rat mammary homogenate (Assay System IV) are: 50 
~ glycylglycine, pH 9,0; 5 ~ MnC12 ; 25 ~ glucose; 0,6 ~ UDP-
galactose; 1 mg/ml of B protein; and aliquots of a 1,000 xg super-
natant solution to which 0,2% Tween 80 has been added, A summary of 

























10 20 30 
µl of Homogenate 
Figure 42. Linearity of LSA Assay with Homogen-
ate Concentration. 
Assay conditions: 50 mM glycylglycine, pH 
9,0; 5 mM MnCl2; 25 mM glucose; 0.6 mM UDP-
galactose; and 1 mg B7ml. Homogenate-(2 g tissue 
from 6-day lactating rat/5 ml of homogenizing 
. buffer) was from 1,000 xg centrifugation. The 








SUMMARY OF ASSAY CONDITIONS FOR LSA ASSAY 
Assay Conditions 
2 tn!:! Tris-HCl, pH7.4 
20 tn!:! MnC 12 
0.25 mM UDP-galactose 
20 mM glucose 
100 µg B protein/ml 
50 mM glycylgly'c in~, pli 8. 5 
5 niM-MnCl2 
0.4-tn!:! UDP-galactose 
50 mM glucose 
200 µg B protein/ml 
50 mM glycylglycine, pH.8.5 
5 mM-MnCl2 
o.4-nti UDP-galactose 
25 mll .. glucose 
200 µg B protein/ml 
50 mM glycylglycine, pH 9.0 
5 1;wCMnCl2 
0.6-tn!! UDP-galactose 
25 mM glucose 
1 mg-B protein/ml 
Application of Assay 
Initial assay; 
derived from Babad 
and Hassid (9) 
Used for bovine A-
protein preparations 
more purified than 
the HAII Step 
(Figure 17) 
Useful for bovine 
A-protein prepara-
tions purified 
through HAI or less 
(Figure 17) 
Assay for LSA 





The Enzymes of Lactose Biosynthesis in Rats 
and in Rat Organ Cultures 
The data in Figure 1 show the activities in rat mammary gland 
extracts of three enzymes associated with and responsible for lactose 
biosynthesis - UDP-glucose pyrophosphorylase, UDP-galactose 4-epim-
erase, and lactose synthetase. UDP-glucose pyrophosphorylase and UDP-
galactose 4-epimerase activities increa,ed somewhat during pregnancy 
and rapidly increased after parturition to a maximum at mid to late 
lactation. These results are similar to those of Shatton .!.E. .!.!.• (41), 
Baldwin and Milligan (4;), and Kuhn and Lowenstein (44) in rats and 
Heitzman (49) in rabbits. No statistical evaluation of the data was 
made since there were only three animals in each group. The varia-
tion observed within the groups could be due to variation among the 
animals within the rather extensive time periods (e,g,, lactating 1 
to 7 days) or to some ,!E. vitro activation in the extracts before 
assays wer~ performed, Nevertheless, the trends are consistent with 
the published_studies, 
No lactose synthetase activity was detected in normal or preg-
nant animals until a day or two before parturition, Similar results 
for lactose synthetase in rat mammary homogenates were described by 
120 
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Kuhn (45), Thus, the levels of enzymatic activity observed for UDP-
glucose pyrophosphorylase, UDP-galactose 4-epimerase, and lactose 
synthetase in pregnant and lactating rat mannnary homogenates support 
the studies of other investigators, 
Glycogen synthetase (UDP-glucose:a-1,4-glucan a-4-glucosy1-trans-
ferase EC 2.4.1.11) activity has been observed in bovine mannnary 
tissue and the enzyme was partially purified (116). Theref9re, an 
attempt was made to assay rat mannnary gland homogenates for glycogen 
synthetase activity by measuring the incorporation of glucose- 14C 
into glycogen from UDP-glucose- 14C (116). However, no significant 
incorporation was observed with the homogenates except those from 
normal and early pregnant rats. Moreover, glycogen incubated with 
the homogenates from lactating glands decreased or disappeared in the 
lQ-minute incubation period. Thus, lactating rat mammary gland ap-
pears t:o have a very active glycogen phosphorylase (a-1,4-glucan:or-. 
thophosphate glucosyltransferase EC 2.4.1.1) which may account for 
low values of glycogen synthetase activity and the. disappearance of 
glycogen. Such results sµpport the view that during lactation the 
mannnary gland is directed toward the formation of lacto~e. For this 
process to be efficient the activity of glycogen synthetase should be 
greatly reduced so that UDP-glucose formed from the UDP-glucose pyro-
phosphorylase reaction would be directed toward lactose formation, 
The organ culture experiments suggest that certain precautions 
and limitations need to be recognized when using enzymes as i.ndicators 
of metabolic function. As indicated in Figure 2, greater than half 
of the total enzymatic units after 10 and 24 hours in organ culture 
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were found in the medium. Thus, a considerable portion of the UDP-
glucose pyrophosphorylase was leaking into the me.dium and permeability 
characteristics of the celis in_culture may have been altered. Some 
leakage into the medium is expected due to damaged cells from the 
excision process, but it seems unlikely that loss of enzyme from the 
damaged cells on the exterior of the explants would account for 50% 
of the total activity in the medium. It is also tenuous to speculate 
that the high amount in the mediulll represents a ."secretory process". 
No correction was made for the possible decay of UDP-glucose 
pyrophosphorylase activity in the medium at 37°. Very limited decay 
studies of UDP-glucose pyrophosphorylase activity in medium maintained 
at 37° suggested that the enzymatic activity decreased. The reliabil-
ity of the data, however, is uncertain and requires further investi-
gation. These studies were not pursued after the increase in acti-
vity in homogenates was observed. Bovine mammary UDP-glucose pyro-
phosphorylase is stable for one hour at 50° (117) and it is possible 
that a loss in activity could reflect proteolysis. Nevertheless, for 
organ culture studies using enzymatic activities as indicators it 
seems desirable to determine the amount of indicator proteins in the 
medium under the culture cond.iti.ons. 
The increase in activity of the UDP-glucose pyrophosphorylase 
in the explants and crude homogenates occurred with a similar time 
course. This suggests that a similar process(es) was occurring with 
both systems and that the tissue explants may not reflect the meta-
bolic activity of the mammary gland in vivo. Thus, orgs:n culture --
studies utilizing enzymatic acti.v:itie.s require inte:i:·pretation with 
caution and may be subject to limitations not previously recognized. 
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The decay of UDP-galactose 4-epimerase activity in the organ ex-
plants (Figure·3) may be due to the increased !ability of this enzyme 
compared with the !ability of UDP-glucose pyrophosphorylase. The in-
crease in activity of UDP-galactose 4-epimerase is very sensitive to 
the temperature of incubation (Figure 7) and an increase in activity 
in the explants might have occurred before assays were performed. 
Thus, it appears that neither UDP-glucose pyrophosphorylase nor UDP-
galactose 4-epimerase is a suitable enzyme to use as a biochemical 
criterion .of mammary function in rat organ cultures. 
The different temperature dependencies (Fi~ures 6 and 7) for the 
"act.ivation" of UDP-glucose pyrophosphorylase and UDP-galactose 4-
epimerase might suggest that the method of activation of the two 
enzymes may be different and also may reflect differences in stability. 
The role of NAD+ (Figures 5 and 7) in.allowing the observed increase 
of activity of l,JDP-galactose 4-epimerase is unknown. The increase in 
epimerase activity occurred not only in rat mammary glands but in a 
variety of mammary tissues (Table II) and the increase in lactating 
tissues was dependent on the presence of NAD+ in the extracts. NAD+ 
is required to determine significant UDP-galactose 4-epimerase acti-
vity in adult human red cell hemolysates but is not required in red 
cell hemolysates of newborns (118). The mechanism of the increase in 
activity of UDP-galactose 4-epimerase and the role of NADH in the 
process require further investigation.and present very interesting 
problems, It should be pointed out that Tsai (27) has shown that 
+ NAD , UDP-glucose, UDP~galactose and other nucleotide di- and tri.-
phosphates protect the enzyme from inactivation. 
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Increase in Activity of UDP-Glucose Pyrophosphorylase 
The results from Chapter IV indicate that the increase in UDP-
glucose pyrophosphorylase activity upon incubation is due to a pro-
teinaceous process or to a slight modification of enzymatic structure. 
The removal of low molecular weight material by chromatography 
with Sephade~ G-25 did not prevent the increase in activity, and the 
increase in activity occurred in an acetone powder extract, in ammon-
ium sulfate fractions of a normal extract, and in a homogenate pre-
pared in 4,0% ~ sucrose. These results would argue against ionic 
effects or interactions with low molecular weight compounds or lipids 
being responsible for the increase in activity and suggest that the 
process is proteinaceous in nature, 
There are several models involving protein-protein interactions 
which could account for the observed increase in activity. One poss-
ible model is limited proteolysis, The failure of phenylmethyl-
sulfonyl fluoride to prevent the increase in activity reduces the pro-
bability that the increase occurred by limited proteolysis of the 
enzyme to a more active form although .this possibility cannot be ex-
cluded. The phenylmethylsulfonyl fluoride is not a universal inhi-
bitor of proteolytic enzymes and generally inhibits proteases having 
a reactive seryl group in the active site (119), 
Another mechanism by which the increase in enzymatic activity 
could occur is a slow time-dependent destruction of an inhibitor. 
However, the results of Chapter IV suggest that if this were the case 
the inhibitor would be most likely a protein. The increase by incu-
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bation of 5'-nucleotidase activity of!• coli was accompanied by des-
truction of a protein inhibitor with a molecular weight very similar 
to that of the 5'-nucleotidase (99). Thus, destruction of a protein 
inhibitor of UDP-glucose pyrophosphorylase with time is a possible 
method of increasing the total units of enzymatic activity. 
Certain enzymes may be converted to more active forms by the 
action of different enzymes. For example, glycogen synthetase D may 
be converted to the more active glycogen synthetase I by the removal 
of a phosphate group from a seryl reside with a specific phospha~ 
tase (120,121) and adenylated glutamine synthetase (L-glutamate: 
ammonia ligase (ADP) (EC 6.3.1.2) is converted to a more active form 
when the AMP moiety is hydrolyzed by the action of a deadenylating 
enzyme (122). It seems likely that such a process with UDP-glucose 
pyrophosphorylase would not involve any low molecular weight compounds. 
However, the data presented here are consistent with some type of 
limited hydrolytic enzymatic action (since there is no gross change 
in molecular weight), perhaps reflecting the function of a control 
mechanism analogous to the control of glycogen synthetase. 
The increase in activity could be accounted for by aggregation 
or disaggregation of subunits. Such a mechanism has been described 
for the increase in activity of rat liver acetyl-CoA carboxylase 
(100). If a similar process occurs with the UDP-glucose pyrophos-
phorylase, however, one of the subunits apparently does not have 
enzymatic activity since no marked changes in·molecular weight were 
observed after the activation (Figure 16). 
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UDP-glucose pyrophosphorylase might undergo a slow time-dependent 
alteration .of enzymatic structure allowing for the formation of a more 
active form of the enzyme. Such a process must occur, however, with-
out significant alteration of the K for UTP (Figure 15). This view 
m 
is supported in part by the observations that the extent of increase 
of enzymatic activity depended on the-concentration of the initial 
extract and the initial level of enzyme, and that the increase in 
activity was progressively inhibited by urea, exhibited a temperature 
dependence, and .was markedly dependent upon pH. However, these ob-
servations do not exclude an increase in activity occurring by the 
mechanisms described above. Thus, the data in Chapter IV are con-
sistent with .the view that the increase in UDP-glucose pyrophos-
phorylase activity is due to a structural change of the enzyme by some 
process that results in a more active form of the enzyme. 
Lactose Synthetase·: ·Assay and Role· in 
: Conttolof Lactose Biosynthesis 
Chapter Vindicates that assays for LSA and A-protein activities 
have been developed whereby the assay conditions were optimized for 
maximum enzymatic activity. The results of this critical investiga-
tion of LSA activity are summarized in Table VIII. 
The LSA and A-protein activities have nearly identical optimal 
assay· conditions ·with respect to pH, manganese concentration, UD~-. 
galactose concentration, and substrate (glucose or N-acetylglucos-
amine) concentration. This supports the ·suggestion by Hill and co-
workers (34) that the A.protein is involved in the synthesis of both 
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lactose and N-acetyllactosamine and that both catalytic activities 
are carried out by a single A protein. Also, neither activity could 
be observed when Mg++ at a concentration .of 5 mM was substituted for 
M ++. h . . n int e reaction mixture. With the enzymatic preparation of 
Babad and Hassid (9), however, 25% of the activity with MnC12 was 
observed with MgC12 • This difference was not accounted for. 
The inhibition of A-protein activity by a-lactalbumin indicated 
. that the A-protein activity was inhibited 50% by 5 µg B ·protein/ml 
and with 100 µg B/ml the A-protein activity was inhibited 100%. Thus, 
on the basis of a-lactalbumin concentration in bovine milk (1 mg/ml) 
(123) and in bovine tissue (34 µg/ml) (10), the significant catalytic 
activity of A protein would likely be toward the synthesis of lactose. 
One finding from the kinetic studies is that the B-protein and 
glucose concentrations appear to be reciprocally related with respect 
to maximum activity. That is, lower levels of B protein require a 
higher glucose concentration .for maximum activity (Figure 28). This 
finding is supported by the recent studies of Andrews (124) which 
indicate that the apparent K for B protein is less at higher glucose 
m 
concentrations. Km stµdies (Figure 29) indicated that the Km for 
glucose is affected by the level of B protein in the assay. With con-
ditions which lead to maximum activity in the assay (Figure 28) the 
K for glucose is about 5 mM. Previously, Babad and Hassid (9) re-
m -
ported a K for glucose of 25 mM_. The K for N-acetylglucosamine was m m 
about 8 m!'!· 
The assay for LSA in rat mannnary gland homogenates has also been 
developed to detect maximum LSA activity (Table VIII). This assay 
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now seems quite adequate to measure LSA activity in rat t;issue homo-
genates. A modification .of the assay was used to measure LSA and A-
protein activity in .the opossum and bat mammary glands and the results 
indicated that opossum and bat mammary glands and bat milk contained 
LSA activity. No data concerning lactose synthetase in bats have been 
reported •. It has been reported that the milk.of the opossum contains 
no detectable lactose after paper chromatography of unhydrolyzed 
protein-free filtrates of the milk (125). However, the opossum 
apparently has the capacity to synthesize lactose from UDP-galactose 
and glucose (Table III). 
The assay for LSA activity in homogenates of rat mannnary gland 
maintained at 0° for 9 hours indicated .that no time-dependent increase 
in the LSA activity occurred (Figure 36). Thus it may be possible 
that LSA activity can be used as a biochemical criterion of mammary 
gland function in .rat mammary gland organ cultures. Such culture 
experiments would still require the precautionary considerations pre-
viously described. 
It was somewhat surprising. to discover that the precipitate from 
a very low speed centrifugation (1,000 xg for 10 min) still contained 
some detectable amounts of LSA activity •. Previous studies iridicated 
.that the A protein was in the microsomal fraction. This requirement 
for the whole homogenate to measure total LSA activity, however, is 
consistent with the suggestion of Coffey and Reithel (31) that the 
lactose synthetase is found in lactose synthetase particles which 
have characteristics similar to membranes from the Golgi apparatus. 
Thus, it appears that the organization.of lactose synthetase in 
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secretory cells is more complex than previously believed. 
The question arises as to the validity of the lactose synthetase 
assays performed with the original assay presented in Figure 1. These 
assays are probably qualitatively valid relative to one another since 
the assays and tissue preparations were all done in the same manner. 
However, the assays do not necessarily reflect quantitative lactose 
synthetase activity as defined by LSA or LSB activity. The data do 
support the conclusion of Kuhn (45) that the lactose synthetase 
reaction is the rate-limiting step in lactose biosynthesis. That is, 
no activity of lactose synthetase was found in the mannnary homogenates 
from pregnant rats until very near to parturition. Also, the maximum 
rates observed .for the three enzymes - 20 µmoles product/min/g 
tissue (UDP-glucose pyrophosphorylase), 1 µmole product/min/g tissue 
(UDP-galactose 4-epimerase), and 0.01 µmole product/min/g tissue 
(lactose synthetase) - support the suggestion that lactose synthetase 
is rate-limiting. 
Furthermore, the studies. of Turkington!:! al. (48) indicate that 
the synthesis of lactose is really limited by the amount of B protein 
(a-lactalbumin). No significant B protein activity was observed until 
after parturition. even though the A protein gradually increased during 
pregnancy (46). Thus, it may well be that the lactose synthetase 
activity presented in Figure 1 may reflect the presence of B protein 
in the homogenates. This view is supported by the findings that the 
A protein is present in other tissues (rabbit gastric mucosa, Table 
III and rat liver, Brew~!.!.· (34) ) and that homogenates from these 
tissues synthesize lactose in the presence of exogenous B protein, 
Thus, the presence or absence of B protein (a~lactalbumin) appears 
to be critical to the control of lactose biosynthesis, 
~o 
SUMMARY 
Measurements of the activities of the enzymes associated with 
lactose biosynthesis in rat manunary gland homogenates showed that UDP-
glucose pyrophosphorylase and UDP-galactose 4-epimerase activities 
increased gradually during pregnancy and rapidly increased after par-
turition, No lactose synthetase activity was detected until just 
prior to parturition; the activity increased rapidly after parturition 
and reached a maximum during late lactation (15-20 days after parturi-
tion). A time-dependent increase in UDP-glucose pyrophosphorylase 
activity was observed in the medium and explants upon incubation of 
rat mannnary gland explants in organ culture, However, the increase 
was independent of hormones (insulin, hydrocortisone, and prolactin) 
added to the medium and was not inhibited by puromycin which suggested 
that the increase was E;£E. due to hormonal-mediated enzyme protein 
synthesis, The increase in activity of UDP-glucose pyrophosphorylase 
occurred .in a variety of tissue homogenates including rat, guinea pig, 
mouse, bat, hamster, opossum, and rabbit mammary gland and liver homo-
genates. The increase also occurred in extracts of bean and pea 
seeds but little if any occurred in!•.££.!.!: extracts. Further in-
vestigation of the 10-fold increase in UDP-glucose pyrophosphorylase 
activity in rat mammary gland homogenates indicated that the increase 
was due to a proteinaceous process resulting in a more active form of 
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the enzyme. The increase occurred without a marked molecular weight 
change or a change in the K for UTP, The increase was inhibited at m 
pH 6.0 or lower or in 2 M urea or greater. 
The assay for lactose synthetase was critically evaluated and 
was developed so that the assay conditions were optimized for maximum 
enzymatic activity, The optimum conditions for partially purified 
bovine A protein of lactose synthetase (LSA) were 50 tn!! glycylglycine, 
pH 8.5; 5 ~ MnC12 ; o.4 ~ UDP-galactose; 25 ~ glucose; and 200 µg 
B protein/ml, Nearly identical optimal conditions were found for the 
A-protein assay except N-acetylglucosamine was substituted for glucose 
and the B protein was omitted, Similar conditions were optimal in the 
assay of LSA activity in rat mannnary gland homogenates except that 
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